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The growing concern regarding regulation and accountability of plutonium and 
SNM produced in commercial and research nuclear reactor fuel has driven the need for  
new spent nuclear fuel characterization methods to enable quantification and qualification 
of radioisotopes contained in used fuel in a reliable, quick, and inexpensive manner, with 
little to no impact on normal reactor operating procedures.  This research aims to meet 
these objectives by employing advanced computational radiation transport methods 
incorporated into an algorithm to post process scintillator detector data gathered from 
used nuclear fuel in a spent fuel pool or in air.  An existing, novel post processing 
algorithm, SmartID, has been updated to extract and identify unique photopeaks 
represented in the underwater environment for pool cooled used fuel.  The resulting 
spectral data will be post-processed using an updated SmartID algorithm folded with 
deterministic adjoint results to render both qualitative and quantitative fuel content and 
irradiation estimates.  This work has much significance to the nuclear power industry, 
safeguards, and forensics communities, since it yields this information at room 









 The growing concern regarding regulation and accountability of plutonium and 
SNM produced in commercial and research nuclear reactor fuel has prompted the need 
for rapid, low cost characterization and attribution of fuel materials and mixed 
radioisotopes for forensics purposes, and has driven the need for new spent nuclear fuel 
characterization methods.  Moreover, any new methods must also enable quantification in 
addition to traditional qualification of radioisotopes contained in used fuel in a reliable, 
quick, and inexpensive manner, with little to no impact on normal reactor operations.  
Achieving this with low cost detectors augmented by advanced algorithms, as outlined in 
this work, will not only aid in strengthening weaknesses in the current safeguards 
protocols, but also will yield a capability for rapid, cost effective identification of 
radionuclide content supporting a variety of nuclear forensics applications. 
1.1 Background 
 The IAEA estimates that by the year 2020, approximately 445,000 tons of heavy 
metal will have been discharged from the world’s commercial nuclear power plants [1].  
One quarter of this amount (111,250 tons) is expected to be sent to fuel reprocessing 
facilities.  Given this large amount of material, the risk for undetected diversion or 
tampering through loss of continuity of knowledge is real.  Additional safeguards 
measures are important and necessary to mitigate this risk by providing low cost methods 
to quickly account for and confirm relative isotopic content of spent fuel rods in order to 
flag discrepancies and enable forensics assessments of SNM where needed.  
 Additionally, the DOE Radiological Assistance Program (RAP) team currently 
utilizes gamma data collected from NaI detectors in both ground-based and airborne 
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platforms as part of their mission.  This requires forensic analysis of the data to determine 
whether or not one can identify a potential nuclear threat.  A real-time data analysis 
method optimized for this type of detection equipment is necessary for the detection of a 
nuclear threat if a spent fuel pin or assembly was stolen and configured into a 
radiological dispersal device (RDD).  The RAP team typically flies on the order of 100-
1000 feet above the ground to take gamma spectra data.  From a Compton Scattering 
mass integral perspective, gamma spectra behave similarly for sources at thousands of 
feet from the detector in air and sources about 40 cm from the detector in water.  
Therefore, the techniques and detector response functions developed for analyzing 
gamma spectra in water from spent fuel are similar to analyzing gamma spectra collected 
from an aircraft from a possible RDD. 
1.2 Objectives 
 This research aims to meet the needs discussed by employing advanced 
computational radiation transport methods incorporated into an algorithm to post-process 
scintillator detector data gathered from used nuclear fuel in a spent fuel pool or in air.  An 
existing, novel post-processing algorithm, SmartID, will be modified to extract and 
identify unique photopeaks represented in the underwater environment for pool-cooled 
used fuel.  Because of the manner in which SmartID processes the spectrum through 
unfolding using interpolated transport theory detector response functions, it removes all 
artifacts of scattering to yield the collective of photopeaks, even in regions where these 
are normally masked due to severe Compton pileup in a typically low cost room 
temperature scintillator. The resulting spectral data in this work will be post-processed 
using the SmartID algorithm modified for water based operations, folded with 
deterministic radiation transport adjoint computations to render both qualitative and 
quantitative fuel content and irradiation estimates.  As already noted, this work has much 
significance to the nuclear power, safeguards, and forensics communities, since it yields 
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this information at room temperature for very low cost.  The proposed work is subdivided 
into five key goals, as follows: 
1.) To employ computational radiation transport methods to model how a scintillator 
detector responds to the radiation from a spent fuel assembly in water. 
2.) To determine how Compton scattering in water affects the gamma spectrum at 
singular discrete energies. 
3.) To update an existing post processing algorithm for the characterization of gamma 
peaks in order to extract radionuclide information important to determining plutonium 
content and fuel burnup. 
4.) To test the algorithm by irradiating a natural uranium metal fuel rod and measuring 
the emitted gamma radiation transported through water during active irradiation, and as a 
function of cool-down time, with particular attention to short term irradiation products. 
5.) To integrate adjoint transport computations with the radionuclide information 
extracted from the post processed spectral data for plutonium content from fuel burnup. 
1.3 Current Technologies and Methodologies 
 A great deal of work has been accomplished using passive gamma signatures and 
integrated gamma counts to determine burnup and cooling time of spent fuel assemblies 
in pools; however, no work has been done leveraging the algorithm post-processing of 
low cost “pool temperature” scintillators as proposed here.  The “Fork” detector is 
currently used at power plants, along with MOX python (SMOPY), and Cherenkov 
viewing devices [2].  The Fork detector consists of cadmium-zinc-telluride (CZT) gamma 
detectors along with a cadmium covered fission chamber to measure epithermal neutrons, 
and an uncovered fission chamber to measure thermal neutrons [3].  These detectors can 
produce the data to determine burnup, cooling time and assembly declarations, but they 
do not have the capability to do so independently, or determine initial enrichment.  Early 
models only included ionization and fission chambers to measure gross gamma and 
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neutron yields, rather than considering spectral information, but these models were 
improved by adding CZT detectors to gather spectral information. 
 The Fork detector is designed to focus on three key radionuclide signatures: 
137
Cs 
peak at 662 keV, 
134
Cs peaks, and the 
106
Ru peaks.  It has long been studied and validated 
that the burnup value of spent fuel has a nearly linear relationship with the 
137
Cs content 
in the fuel.  
137
Cs is a proven indicator of burnup due to its negligible neutron absorption 




Pu, and a long 30 
year half-life [1].  The combination of these three attributes removes the necessity to 
correct for reactor power history [1]. 
 Furthermore, ratios of fission products will also result in linear relationships with 














ratio is valid at high burnups (>50GWd/t) [4].  However, it is important to note that after 
approximately 12 years of cooling, the entire 
134
Cs signal is practically lost due to 
134
Cs 
decay (half-life of 2.0652 years).  As mentioned, 
137
Cs has a relatively linear relationship 





Ru/Rh causing deviations from linearity [3].   Therefore, it 
has been shown that corrections must be made to the gross gamma signal to determine an 
“adjusted” 
137




1 + 2.620𝑅34 + 0.324𝑅06
 (1) 
 
where G 37 is the adjusted 
137
Cs count rate, G is the gross gamma emission rate, R34 is the 












Cs with burnup in the experiments performed at the TVO KPA Store in 1999 
[3]. 
 The Safeguards MOX Python (SMOPY) is an underwater detection system that is 
designed to distinguish between MOX and LEU fuel.  It consists of a CZT gamma 





ratio.  Similar to the Fork detector, this device must use operator data to determine 
burnup, and it cannot detect fuel pin diversions [5]. 
 Cherenkov viewing devices are used to observe the intensity of the visible blue 
Cherenkov glow from used fuel assemblies in a spent fuel pool.  They do not typically 
provide any quantifiable information in relation to fuel burnup, but can indicate whether 
or not a “dummy” fuel element is present.  The user must be well trained to be able to 
discern if an element has Cherenkov glow, or it is being illuminated by a near-neighbor 
spent fuel element [6].  In some cases, the glow intensity can be utilized to estimate 
burnup by comparing it to a known reference spent fuel assembly that has been measured 
in the same storage pool [7].  
2.3.1 Limitations 
 The desire of the IAEA is to find a low-cost, non-destructive method to quantify 
plutonium content in spent fuel assemblies and detect the diversion of fuel pins.  This is 
not possible with current passive gamma methodologies discussed.  Current passive 
gamma measurements are also unable to detect pin diversions.  In this work, I determine 
how post-processing of room temperature scintillator spectra (from NaI) impacts this 
IAEA requirement. 
 Many researchers have expressed in the literature that any gamma spectral 
information from low energy gamma emitters such as plutonium is “washed out” due to 
the substantial count rates and Compton pileup from the numerous fission products in the 
source term.  After fuel rods are removed from the reactor for one year, fission products 
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produce a total gamma-ray intensity of approximately 2 x 10
10
 gamma/g-s, but major 




 gammas/g-s [8].  
With the addition of Compton pileup effects in the detector, plutonium gammas are 
completely hidden in the spectra.  According to the PANDA manual, the principle 
gamma signatures emitted by plutonium isotopes are listed in Table 1.1.   
 
Table 1.1: Principle gamma-ray signatures for plutonium isotopes [9]. 


















































 It is seen that the majority of plutonium gamma lines emit with energies less than 
400 keV, which can be problematic to detect in cooling pools, although several key lines 
are observed at 413.7 keV, 652.5 keV, and 766.4 keV.  A sample spectrum of a used 
PWR assembly, as shown in Figure 1.1, depicts how these key gamma peaks are lost in 
the overabundance of high activity fission product gamma sources.  The lowest energy 




Cs, and no plutonium peaks are visible. 




 This is from 
241





Figure 1.1: A high resolution gamma-ray spectrum of a PWR fuel assembly burned to 32 
GWd/tU and cooled for 9 months [9]. 
 
 There are currently 99 commercial nuclear reactors operating in the United States 
[10].  Like any other nonrenewable fuel source, nuclear fuel has a finite lifetime; 
therefore as the fuel diminishes, it must be replaced with new fresh fuel.  In the case of 
nuclear fuel, this process is not as basic as simply replacing old rods with new rods and 
throwing out the old.  The basis of a nuclear fission reaction is when an atomic nucleus 
splits into two new lighter nuclei plus additional neutrons.  The nuclei produced will 
depend on the isotope undergoing fission.  Different fission nuclei have differing yields 











These new nuclei are in an unstable state and go through many radioactive decay 
processes before finding a more stable configuration (most often they are neutron heavy 
and undergo beta decay to new daughter products).  These daughter products have intense 
radioactivity resulting in heat generation and harmful gamma radiation.  Because of this, 
spent fuel rods must be placed into temporary storage until they cool down enough, e.g. 5 
– 10 years, to be placed in more permanent storage configurations.  Additionally neutron 








Pu.  These isotopes are of sufficient mass and lead to non-
proliferation and safeguards concerns.  Figure 1.2 shows how these isotopes grow into 




Figure 1.3: Change in fuel composition versus neutron fluence for Pu, U, and fission 
products. Neutron fluence is directly related to burnup [11]. 
 
1.4 Challenges 
One of the key challenges is finding a detector that will be capable of resolving 
spectral peaks while keeping costs at a minimum.  I considered three types of detector 
materials for use in this project: solid-state, gas, and scintillator.  Each type has certain 
advantages and disadvantages, and there are many different material compositions within 
each type.  HPGe and CZT are the most talked about in spent fuel measurements above 
water and below, NaI, and CsI are commonly used for their ruggedness and integrated 
activity, but are often relied on for individual gamma ray assay, and HPXe is a newer 
type that shows promise for spent fuel applications.  In order to narrow down these 
detector choices to only one for experimentation, one can compare the most common and 
relevant detectors available commercially.  At sufficiently low burnup levels, less than 
1,000 MWD/MTU, the concentrations of plutonium are consistent with weapons grade 
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plutonium (WGPu).  WGPu is defined as having a 
239
Pu concentration greater than 90% 
of the total plutonium content [12].  It is important that a detection system can distinguish 
this level of burnup. 
 
Table 1.2: Comparison of specifications for different types of detectors. 



























1.5 cm [13] 
  Cylindrical 
5 cm
2 
5 cm [13] 
 
Density 5.3 g/cc 6.0 g/cc 0.4-0.5 g/cc  3.7 g/cc 4.5 g/cc 
Intrinsic 
Efficiency 
• 1.4% at 
662keV 
• 81% at 
122keV 
[13] 
• 8% at 
662keV 
• 100% at 
122keV 
[13] 
• 3% at 
662keV 







• 15% at 
662keV 
• 100% at 
122keV [13] 
 
• 35% at 
1MeV[15] 
Resolution • 0.15% at 
1.332MeV 
• 0.2% at 
662kev 
• 0.4% at 
122keV 
 
• 3.2% at 
662keV 
• 6.3% at 
122keV 
[13] 
• 2-2.5% at 
662keV 
• 1.5-2% at 
1.332MeV 
• 7% at 
122keV 
• 2.8-3.5% at 
662keV 




• 7.5-8.5% at 
662keV 
• 12% at 
122keV 
[16] 
• 5.8-6% at 
662keV 
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Table 1.2 shows which detectors have potential in my proposed application, and 
which ones do not.  High Purity Germanium (HPGe) detectors are ideal for high 
resolution spectra, but they suffer from many drawbacks for an underwater system.  
These detectors will become severely damaged or non-functioning without proper 
cryogenic cooling, either from liquid nitrogen or an electronic cooling system.  They are 
also extremely expensive, typically more than twenty times the cost of a single NaI 
crystal; therefore, utilities or inspection agencies are often unwilling to subject them to 
harmful radiation in wet/hostile environments, where they have a greater likelihood of 
being damaged.  Because of this, HPGe detectors cannot be a viable low cost option for 
underwater spent fuel NDA.   
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Scintillators are known to have low energy resolutions, but make up for that in 
their efficiency, ruggedness and low cost.  NaI has the lowest energy resolution out of all 
of the detectors listed, and a high intrinsic efficiency which would result in this type of 
detector needing sufficient shielding to mitigate detector deadtime.  Although it is rugged 
in many applications, it is susceptible to radiation damage after prolonged exposures that 
will degrade its performance.  CsI (doped with Na, Tl, or undoped) is similar to NaI in 
that it is also a scintillator, is relatively inexpensive, and has low energy resolution.  This 
detector material has slight modifications to its operating specifications depending on 
whether or not it has been doped with Na or Tl.  Doping does help with energy 
resolution, but it also makes the detector much more susceptible to radiation damage.  
Undoped CsI detectors are “radiation hard,” meaning they are relatively immune to 
changes in resolution due to high radiation exposures.  These undoped detectors see no 
substantial changes up to a dose of 10
3
 rad [21].  This should not be a concerning issue 
since a background measurement must be taken with the detector and subtracted out for 
proper analysis.   Therefore, CsI is a better candidate for spent fuel detection than a NaI 
detector.   
The third scintillator under consideration is a LaBr3 detector.  These detectors 
have a much better energy resolution than both NaI and CsI, but they also may 
experience significant gain change with increasing temperature, and have a natural 
radioactivity inherent in the material.  These detectors are more expensive than NaI, but 
are still much less expensive than HPGe detectors.  LaBr3 detectors experience gamma 




La impurities.  They also suffer from significant 
radiation damage effects after 0.1 kGy dose. 
 The final detector considered, HPXe, is a relatively new detector that has shown a 
lot of promise for applications in spent fuel pools.  HPXe detectors are very rugged 
allowing them to be able to operate for years without maintenance and servicing [13].   
One of the most beneficial attributes of an HPXe detector is that its high energy 
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resolution stays stable over a wide temperature operating range of 15 to 200˚C.  This 
detector is also the most resistant to radiation damage out of the group since it is a gas 
and not a plastic scintillator or solid-state detector.  Its intrinsic efficiency is much lower 
than the other detectors considered, a quality desired for high activity sources such as 
spent fuel.  Therefore, less rigorous shielding will be necessary for protection and dead 
time optimization.  There are, however, some downfalls to this detector.  It is subject to 
electronic noise caused by the high-voltage power supply, acoustic/microphone noise and 
the geometry of the electrodes causing excessive electrical capacitance [13].  Brookhaven 
National Lab is working to overcome these problems by using a better high-voltage 
power supply, and using a new multi-anode design to help improve the energy resolution 
and reduce the sensitivity to acoustic/microphonic noise of large volume HPXe ionization 
chambers [13].  Some researchers claim that the high-purity xenon needed for HPXe 
detectors is a lot lower than that of HPGe and CZT, at $1/g as opposed to $50/g for HPGe 
and $300/g for CZT [23].  However, they are not currently mass produced, making it 
much more difficult to procure which would drive up production costs.   
Although I showed that NaI(Tl) is potentially not the best ideal detector for 
measuring gamma radiation from a spent fuel assembly, it is the easiest detector system 
to acquire, most cost effective, and is not susceptible to large electronic noise 
interferences.  By choosing this detector, my work will also essentially eliminate the 
limitations of HPGe systems in water based environments.  Although NaI detectors 
produce much lower resolution spectra in comparison to HPGe detectors, this issue will 
be largely solved through the use of a novel post-processing algorithm, SmartID.  The 
SmartID algorithm is designed to extract detailed spectral information from a low 
resolution detector spectrum such as one from CsI or NaI.  Using transport results 
adapted to the data, it enables one to screen out all Compton and other spectral 
interference features with an optimized analysis to unveil gamma photopeaks across the 
energy spectrum.  Figure 2.3 shows an example NaI(Tl) gross spectrum of shielded 
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weapons grade plutonium (WGPu) and the background spectrum for the measurement; 
note how the resulting photopeaks are rendered from the region.  The background was 
subtracted out, and SmartID subsequently extracted each photopeak to reveal the many 
red photopeak lines representing full energy peaks normally masked by Compton pileup.  
The spectra gathered from the irradiated fuel experiment will be similarly processed in a 
few seconds by SmartID to determine the key fission products discerned with nuclide 
attribution in an underwater environment.  
 
 
Figure 1.4: Correctly identified shielded WGPu spectrum in air by SmartID post 
processing algorithm.  The measured spectrum is shown in blue and the background is 
shown in yellow.  Gamma emissions are identified by the red vertical lines. [24] 
 
 A second challenge I faced in this work was to profile a system that will provide 
limited disruption to normal plant refueling operations for forensics, safeguards, or 
simple burnup assessment purposes.  Power plants must pay attention to minimizing 
costs, meaning any time they spend not producing power and conducting normal plant 
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operations, they are losing money.  If a detector system is built that can determine 
relative isotopic content but significantly inhibits refueling operations, utilities and 
governments will not see this as an acceptable option that is cost effective with enough 
benefit.  Therefore, my work follows a detector design that will ensure there will be a 
relatively small impact to plant operations while still providing additional cost saving 
benefits.  The spectrum from a fuel bundle can be collected while fuel is being removed 
from the reactor core to be placed into the spent fuel pool.   
 Further challenges arise in measuring the gamma spectrum for spent fuel 
assemblies with short cooling times.  Detector dead time is a prominent issue when trying 
to make reasonable measurements.  Collimator material, size, and geometry depend on 
detector efficiency and radiation exposure limitations.  It is important to make sure a 
detector system is not heavily weighed down by shielding/collimation.  A proper support 
structure is necessary to hold the detector and collimation in place.  I considered 
collimation constructed from tungsten with a 1 mm pin hole in order to stop a majority of 
the high energy gammas, and limit detector dose and field of view.   
 The greatest challenge of this dissertation effort was the analysis of data produced 
by SmartID and coupling that with deterministic transport adjoint importances to estimate 
fuel content, specifically relating to plutonium.  This is a difficult task that has not been 
demonstrated previously, but I have been successful in developing a method to alias 
scintillator detected SNM photon peaks identified in SmartID to the actual activity for 
each nuclide identified at specific locations in the 3-D fuel assembly.   
 This dissertation outlines the many integral parts to meeting this challenge.  In 
Chapter 2 I discuss in detail the theory behind the SmartID post-processing algorithm, 
how this algorithm has been updated to consider an underwater spent fuel scenario.  In 
Chapter 3 I present how SmartID performed with experimental spectra data, and in 
Chapter 4 I show MCNP simulations developed for a complicated spent nuclear fuel 
assembly.  Chapter 5 details the deterministic transport models generated, and how I can 
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use the adjoint to estimate burnup from key gamma emissions.  All of these parts are 
fully integrated to show how I can achieve an estimate of plutonium in the spent nuclear 
fuel.  This research has the potential to greatly contribute to the many needs of nuclear 
forensics, safeguards, and facility operations as specified earlier. 
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2.1  Background 
SmartID is a post processing algorithm designed to reveal detailed spectral 
information from low resolution detectors such as NaI, CsI, or LaBr3.  This algorithm at 
its current state is the result of almost a decade of development.  It has been rigorously 
tested and verified for identifying radioactive sources in air, but has not yet been applied 
to highly complex fuel characterization applications in water.  The logic behind 
extracting photonuclear peaks and aliasing them to specific nuclides is continued and 
extended here from previous work, however, many challenges arise with changing the 
detection environment from air to water.  Compton scattering has a much more dominant 
role in the particle transport, significantly altering the gamma spectrum.  Additionally, a 
strong 2.2 MeV gamma peak resulting from (n, γ) hydrogen interactions with the fission 
neutrons arises, further complicating nuclide identification.  Therefore, I must develop an 
entirely new detector response function (DRF) database in order to properly enable the 
algorithm to extract photopeaks in a Compton-rich environment and identify nuclides in 
water. 
2.1.1  Peak Finding 
 SmartID employs a systematic procedure for discovering and identifying 
individual energy peaks in a CsI or NaI detector spectrum.  It begins by removing noise 
in the measured spectrum through an adaptive Chi-square called ‘ACHIP’ smoothing 
algorithm [1].  This is especially important for short counting times or low count spectra.  
The Chi-square analysis was selected over a weighted average analysis in order to limit 
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further spectral resolution reduction.  This method determines whether or not the 
differences between counts in neighboring channels are statistically significant or if they 
are electronic noise.  SmartID conducts this analysis based on a user-specified test 
parameter, α, which is a significance value spanning from 0.005 to 0.995.  This value 
provides the limit at which the differences in counts between neighboring channels are 
considered significant.  The process begins by looking at three channels; the center 
channel is the channel of interest for noise removal.  A least squares fit is utilized to 
create a parabolic model fitting the 3 points [1].  Once these 3 points are fit, additional 
points are considered and Chi-square values are computed.  If the Chi value is greater 
than the Chi value for the specified α statistical significance parameter and corresponding 
degrees of freedom, the previous Chi-square satisfying model is applied [1].  This ensures 
that an apparent “peak” in the spectrum is a “true feature” while mitigating resolution 
degradation [1].  Additionally, a smooth parabolic least squares approach is also 
implemented in order to mitigate “chopping” effects [2].  Figure 2.1 depicts a NaI(Tl) 





Figure 2.1: Collected spectrum before (yellow points) and after (blue line) the ACHIP 
denoising procedure. 
 
Once both the raw collected spectrum and background spectrum have been 
denoised, the time scaled and denoised background spectrum is subtracted from the gross 
collected spectrum.  Included in SmartID is the option to weight the background 
spectrum by a Background Significance Factor in order to increase or decrease the effect 
background has on the subtracted spectrum.  The effect shown by this factor on the signal 
spectrum is shown by  
 





Where Ss is the signal spectrum, St is the total, measured spectrum, Sb is the background 
spectrum, Ts is the signal spectrum counting time, Tb is the background spectrum 
counting time, and Fb is the background significance factor.  By default, Fb is set equal to 
one.  This allows the user to adjust the background in order to see what information can 














still be discerned from the spectrum if the location for measurement were to change to an 
area with greater background, such as at a higher altitude. 
Once the signal spectrum is computed, the search for photopeaks commences.  
SmartID searches for gamma peaks between the energies 20 keV and 3 MeV.  The peak 
search begins at 3 MeV and scans progressively lower energies.  Once a photopeak is 
located, SmartID determines the corresponding detector response, accounting for the 
various physics effects taking place.  The detector responses are precomputed by Monte 
Carlo simulations, and are included in a data library for the SmartID code.  MCNP5 was 
the selected Monte Carlo code for the simulations. 
 The Monte Carlo computational method as implemented in the MCNP code is 
currently the most extensively used, straight forward technique for particle transport.  It 
has been widely demonstrated as being capable of representing very complex geometries 
in a rigorous manner using robust particle physics by statistically tracking the outcome of 
individual particle histories [3].  MCNP can be used in several transport modes, and was 
developed with over 500 person-years of effort at Los Alamos National Laboratory.  It 
operates in neutron only, photon only, electron only, and combined neutron-photon 
transport problems where the photons are produced by neutron interactions, neutron-
photon-electron interactions, photon-electron, or electron-photon interactions. 
The detector response simulations, now referred to as Detector Response 
Functions (DRFs), were generated using photon only mode in MCNP.  They are included 
in the SmartID package for multiple types of detectors and shielding configurations, 
including, but not limited to 2”x 2” NaI(Tl) detector in air, 4”x4” NaI(Tl) detector in air, 
and a CsI detector in air.  For each detector scenario, 61 DRFs were generated for 
individual gamma emissions.  The energy emissions were chosen at 50 keV intervals 
starting at 50 keV and ending at 3 MeV, with an additional emission at 20 keV.  
However, it is important to note that the peaks identified in SmartID will fall in between 
many of these intervals and will have a response somewhere in between that of the 
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nearest two DRFs.  Instead of computing many more DRFs to account for every keV 
gamma emission, a special interpolation procedure is incorporated to generate the 
expected response.  A simple interpolation is not sufficient to accurately portray every 
physics interaction taking place, and the algorithm must conserve these interactions.  
Depending on the incident gamma emissions energy, different features will arise.  For 
example, single escape peaks and double escape peaks only occur when the incident 
gamma is greater than 1.022 MeV.  Details on these types of interactions and features 
will be described in more detail later on in the Section 2.2.   
Spectral information occurring near these features is linearly interpolated based 
on how far from the feature the point of interest is.  For example, consider a gamma 
emission with an energy of 460 keV.  The two closest DRFs in SmartID’s library are for 
450 keV and 500 keV.  Arbitrarily choosing an energy in the spectrum, 180 keV, it is 
seen that this occurs 116 keV from the Compton edge.  Therefore, the detector responses 
compared for the 450 keV and 500 keV are also predicted to occur also at energies 116 
keV from their respective Compton edge.  These resulting energies are 181 keV and 175 
keV respectively.  Now that the comparison energies are determined, a simple linear 
interpolation can be applied to determine the response, f, at 180 keV for a 460 keV 
gamma emission shown by 
 
 𝑓460(180 𝑘𝑒𝑉) = (
𝑓500(181 𝑘𝑒𝑉) − 𝑓450(175 𝑘𝑒𝑉)
500 𝑘𝑒𝑉 − 450 𝑘𝑒𝑉
) (460 𝑘𝑒𝑉 − 450 𝑘𝑒𝑉) (2.2) 
 
where f460(180 keV) is the number of counts per second at 180 keV for a 460 keV gamma 
emission.  Similarly, f500(181 keV) is the number of counts per second at 181 keV for a 
500 keV gamma emission, and f450(175 keV) is the number of counts per second at 180 
keV for a 450 keV gamma emission.  Once an identified energy peak’s full detector 
response is determined, Gaussian broadening is applied to account for electronic 
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“detector” broadening.  The relative amount of broadening applied for each energy is 
determined from FWHM data incorporated in a file to be read by SmartID.  The 
“FWHM.txt” file properly accounts for the specific detector properties, and a new file 
must be created for every new spectrum collected when the energy calibration has 
changed.  This file contains full width half maximum (FWHM) data that can be 
determined from known calibration sources.  Figure 2.2 shows how this file is organized. 
 
 
Figure 2.2: SmartID “FWHM.txt” file. 
 
 This information is applied in the following equation to determine the Gaussian 
distribution, 
 












2𝐹𝑊𝐻𝑀2  (2.3) 
 
where μ is the mean or energy of the peak, σ
2
 is the variance, E is the energy, and G is the 








where Cnew is the new number of counts at energy E, and Cold is the old number of counts 
at energy i [4].   
 After the full detector response is transformed, it can be subtracted from the 
measured spectrum to unveil additional hidden photopeaks.  This process is repeated for 
the remaining counts until no more peaks are found in the spectrum.  Figure 2.3 
summarizes the procedure of how SmartID identifies energy peak information from an 
initial raw spectrum. 
 
 
Figure 2.3: Paradigm of the ASEDRA peak identification algorithm [4]. 
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Once all peaks are identified, additional options selected or adjusted in the 
SmartID input will determine how isotope energy emissions will be matched to these 
peaks.  Emissions within a specified tolerance of an identified peak are considered a 
match for the peak.  This tolerance is determined by the SmartID user and can be set such 
that any emission within the tolerance is considered a match, or set to determine the most 
likely scenario within a maximum set tolerance.  In the latter method, a search begins 
with a tolerance of 0.01 (1% energy window), and gradually increases by given step size 
(0.005 by default) until the maximum tolerance is reached or an isotope is scored greater 
than the specified high correlation threshold, or the highest scored isotope does not 
change when increasing tolerance.  Details on how nuclides are scored are described later 
on in the following section.  On occasion, one peak may be identified as two peaks.  In 
order to resolve this scenario, a blur coefficient is specified to determine whether or not 
two peaks should actually be combined into one.  This coefficient is by default set to 
0.15, which essentially combines gamma lines that are within the energy window of the 
energy’s FWHM multiplied by the blur coefficient.  The higher the coefficient, the 
greater the energy range for combining peaks.   
2.1.2  Nuclide Scoring 
 Once the algorithm has completed its search for peaks, it compares the peaks 
identified with emission energies from various isotopes in a database.  The SmartID 
isotope database consists of 204 nuclides plus gamma emissions from (n,γ) interactions 
with hydrogen, Ge-Kesc, and W-Kalpha.  The isotopes are listed in the library along with 
their emissions, probabilities of decay, half-life, and classification.  Isotopes are classified 
by fission product, special nuclear material, medical isotope, daughter product, or parent 
of important nuclides, such as 
239
Pu.   
 SmartID identifies the peaks through a synthetic scoring scheme designed by a 
combination of a base score and bonus scores.  Equation 2.5 shows how these scores 
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contribute to an overall total score which identifies the most likely nuclides present in a 
spectrum.  
 
 𝑆𝑡 = 𝐴0 + 𝐴1 + 𝐴2 + 𝐴3 = 𝑆𝑏 + 𝛼1𝑆1 + 𝛼2𝑆2 + 𝛼3𝑆3 (2.5) 
 
where 𝑆𝑏 is the base score with 0 ≤ 𝑆𝑏 ≤ 1, 𝑆#′𝑠 are bonus scores, 𝛼#′𝑠 are bonus score 
weights, and 𝑆𝑡 is the total score [4].  Additionally, the total score is multiplied by a 
scaling factor of 100 to achieve the final score for nuclide identification.   
 The base score is computed from an equation relating the number of peaks 










This equation is further developed by taking into account how the emissions from a given 
nuclide are actually released.  For example a 
60
Co nuclide emits two gammas at the same 
rate, but a 
95
Nb nuclide emits three gammas at different fractions of yield of decay.  For 
example the 765.81 keV emissions for 
95
Nb only account for 99.8% of the total decay 
rate of the nuclide.  Equation 2.7 shows how these branching ratios are taken into 











where 𝐵𝑖 is the branching ratio (yield) for the i
th
 gamma emission, and 𝐷𝑖 is the 
detectability for the i
th
 emission [4].  𝑀𝑗 is the matching factor for the peak matching 
emission. 
 Detectability is based purely on the properties of the detector and possible shield 
in place, and is calculated for each energy emission.  The intensity of a gamma emission 
will exponentially decrease as it passes through the detector in a similar manner as it 
decreases through a shield.  This is depicted in Figure 2.4.   
 
 
Figure 2.4: Detectability for a typical detector with shielding [4]. 
 
Equation 2.8 shows how the detectability is calculated as an estimate of the 
detector and possible shield attenuation properties. 
 
 𝐷(𝐸𝑖) = (
𝜇𝐷,𝑖
𝜎𝐷,𝑖
) exp(−𝜎𝑆,𝑖𝑡𝑆) [1 − exp(−𝜎𝐷,𝑖𝑡𝐷)] (2.8) 
 
where  𝐸𝑖 is the i
th
 emission energy; 𝜇𝐷,𝑖 is the i
th
 detector photoelectric attenuation 
coefficient at energy 𝐸𝑖; 𝜎𝐷,𝑖 is the i
th
 detector total macroscopic cross section at energy 
𝐸𝑖; 𝜎𝑆,𝑖 is the shielding total cross section at energy 𝐸𝑖; 𝑡𝐷 and 𝑡𝑆 are the detector 
characteristic size and shielding size, respectively [4]. 
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 The final variable, M, in Equation 2.9 relates how much the emission energy is 
aligned with the peak energy found in the spectrum.  This is computed by 
 
 𝑀𝑗 = {
𝐴 + (1 − 𝐴) (1 −
𝛿







, and 𝛿 is the relative difference between the emission 𝑗 energy 
and a given peak energy, A is a pre-defined constant (by default, A=0.85), and   is a 
user-defined tolerance to identify matching peaks [4].  This tolerance refers to the energy 
window.  For example, if = 0.02, then the energy window spans from 0.02 × 𝐸 to 
1.02 × 𝐸. 
 In addition to the base score, three bonus scores are computed to account for the 
number of matched peaks, peak height score, and an emission/peak height distribution 
preference.  The first bonus score, similar to the base score, relates the number of peaks 
identified to the total number of emissions a given nuclide.  The relationship is shown by 
 
 𝐴1 = 𝛼1𝑆1 = 𝛼1(𝑁𝑚





where 𝑁𝑚 is the number of matched emissions, 𝑁𝑒 is the total number of emissions, and 
𝛼1 is a fixed factor to adjust the contribution of the bonus score to the total score [4].  The 
power coefficient, k, is designated constant set by the user.  The default setting is k=1.8, 
which gives increasing score emphasis as the number of matched peaks increases.  This 
scoring method helps to identify high emission nuclides such as fission products.  For 
example, 
132
I has 173 emissions listed in SmartID’s nuclide library.  It is nearly 
impossible for SmartID to identify every emission in a spectrum, especially at the lower 
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energies.  Therefore, this scoring technique helps compensate for number of missing 
emissions when a nuclide has a large number of matched emissions. 
 The second bonus score accounts for the number of counts expected in the full 
energy peak for each emission.  There are many cases where multiple nuclides have 
emissions within the window energy range of the identified peak, but this does not 
necessarily mean every nuclide is present.  Introducing a scoring technique to account for 
the peak height helps identify which isotopes are more likely present.  The bonus score is 
calculated by 
 





where 𝛼2 is a fixed multiplier to adjust the contribution of this bonus score relative to the 







where again, D is the detectability, and f is the number of counts attributed to an 
identified peak, k [4].   
 The final bonus score takes into account the emission to peak height distribution 
preference.  Much like the second bonus score, where detectability of a peak is 
considered, the emission branch distribution is considered to determine how well a 
nuclide is matched to an identified energy peak.  This is calculated by 
 






where ?̂?𝑖 and ?̂?𝑖 are the normalized adjusted peak height and branch ratio value, 
respectively.  This bonus score is a function of the Kullback–Leibler divergence of the 
two normalized distributions (?̂? and ?̂?) [4]. The lower the divergence (meaning the 
distributions agree with each other better), the higher the bonus score. 
2.2 Enhancements for Water Stored Fuel 
In order to properly capture the complex interactions taking place in an 
underwater fuel storage scenario, I employed computational modeling.  I developed 
MCNP simulations to show the behavior of photons emitted from a spent fuel assembly 
when they reach and interact with a NaI(Tl) detector submerged in water.  The MCNP 
models were created for a NaI(Tl) detector placed 40 cm distal from a Westinghouse 




Figure 2.5: MCNP model geometry for a Westinghouse 17x17 PWR fuel assembly in 
water (yellow) with a NaI(Tl) detector (green) collimated by tungsten shielding (pink) in 
front of a concrete wall (orange).  The left image shows a cross section along the y-axis, 
and the right image shows a cross section along the z-axis. 
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DRFs were generated from pulse height simulations in MCNP.  In a real spent 
fuel scenario, the detector would need to be highly shielded.  The original design 
simulated was to completely surround the detector with tungsten shielding collimated by 
a small, 1 mm in diameter, pinhole.  However, in order to achieve reasonably good 
counting statistics for the Monte Carlo simulations (regarding model efficiency), the 
tungsten collimation was adjusted to allow for a wider field of view.  The collimation was 
opened up at an angle equal to the average Compton scattering angle for a 1 MeV photon.  
This required the calculation of the average scattering angle for 1 MeV photons, 
determined to be 53.2424˚. Details regarding Compton scattering for this application are 
shown by Figure 2.6.   
 
 
Figure 2.6: Compton scattering interaction. 
 





















′  is the Compton energy of the photon, 𝐸𝛾, is the incident energy of the photon, 
and 𝜑 is the Compton scattering angle [4].   
The source definition is set up to show the detector response from a single gamma 
emission.  Appendix A shows the MCNP input for a 200 keV gamma emission.  As 
described in Chapter 2.1.1, DRFs were generated for individual gamma emissions at 50 
keV intervals.  However, since the medium for gamma transport has changed from air to 
water, the gamma emissions with low energies are much less likely to reach the detector.  
Therefore, I only included gamma emission intervals starting at 100 keV and ending at 3 
MeV for a total of 59 DRF cases.  Figures 2.7, 2.8, 2.9 and 2.10 show four gamma 
energies chosen to represent the typical gamma spectrums detected by NaI(Tl) in the 
configuration discussed for producing the DRFs.   
 
   
Figure 2.7: 3.0 MeV incident gamma MCNP pulse height spectrum with detector 40 cm 
from source in water.  Average and maximum 1-sigma errors were 1.71% and 3.82%, 
respectively for 1x10
12
 particle histories. 
 
















Figure 2.8: 2.25 MeV incident gamma MCNP pulse height spectrum with detector 40 cm 
from source in water.  Average and maximum 1 sigma errors were 1.57% and 3.05%, 
respectively for 1x10
12
 particle histories. 
 
 
Figure 2.9: 1.50 MeV incident gamma MCNP pulse height spectrum with detector 40cm 
from source in water.  Average and maximum 1 sigma errors were 1.50% and 2.74%, 
respectively for 1x10
12
 particle histories. 






























Figure 2.10: 0.55 MeV incident gamma MCNP pulse height spectrum with detector 40 
cm from source in water.  Average and maximum 1 sigma errors were 1.98% and 3.66%, 
respectively for 1x10
12
 particle histories. 
 
 These four energies were selected to illustrate how with increasing photon energy, 
additional peaks with respect to the energy of interest show up in the energy spectrum.  
These additional peaks are a result of different interactions taking place with the high 
energy photons and the low Z material.  Although it is much less likely than Compton 
scattering, pair production can occur when the incident photon energy is sufficiently high 
( >1.02 MeV).  This reaction results in the complete disappearance of the photon, while at 
the same time, the creation of an electron-positron pair.  The electron and positron are 
only able to travel a few millimeters before losing all of their kinetic energy; therefore, 
they never leave the detector and the energy deposited in the detector is the 2𝑚0𝑐
2 less 
than the energy of the incident photon [5].  This is evident in Figure 2.9, where the 1500 
keV incident photon occasionally undergoes pair production resulting in a peak in the 
spectrum at 480 keV, and in Figure 2.8 where the 2250 keV incident photon produces an 
additional peak in the detector at 1230 keV.  This is referred to as the double escape peak 















since both annihilation photons escape from the detector.  A single escape peak can also 
occur when only one annihilation photon escapes while the other is absorbed in the 
detector [5].  This results in a peak at 𝑚0𝑐
2 less than the energy of the incident photon.  
A third phenomenon that is apparent with incident gamma energies greater than 1.02 
MeV is annihilation or combination with a normal electron of the positron in the detector.  
If this occurs, both electron and positron disappear, and are replaced by two annihilation 
photons with an energy of 𝑚0𝑐
2 (0.511 MeV) [5].  Equations 2.14 to 2.18 summarize 
these effects. 
 
 𝐸𝑝𝑒𝑎𝑘 = 𝐸𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 (2.15) 
 
 𝐸𝑆.𝐸. = 𝐸𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 − 511, for 𝐸𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 > 1.022 𝑀𝑒𝑉 (2.16) 
 











 𝐸𝐶𝑜𝑚𝑝𝑡𝑜𝑛𝐸𝑑𝑔𝑒 = 𝐸𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 − 𝐸𝑏𝑎𝑐𝑘𝑠𝑐𝑎𝑡𝑡𝑒𝑟 (2.19) 
 
where 𝐸𝑝𝑒𝑎𝑘 refers to the incident gamma emission,𝐸𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛, from a source.  𝐸𝑆.𝐸. is the 
energy of the single escape peak, 𝐸𝐷.𝐸. is the energy of the double escape peak.  
𝐸𝑏𝑎𝑐𝑘𝑠𝑐𝑎𝑡𝑡𝑒𝑟 is the energy of the incident gamma emission when it is backscattered.  This 
is derived from equation 2.14 when 𝜑 is 180˚.  𝐸𝐶𝑜𝑚𝑝𝑡𝑜𝑛𝐸𝑑𝑔𝑒 refers to the gamma energy 
where the Compton edge begins [4].   
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Referring back to Figures 2.7 to 2.10, the MCNP models with pulse height tallies 
show the DRFs are consistent with all necessary nuclear physics and interactions.  These 
models will be used to update the SmartID algorithm so that the Compton effects, along 
with other radiation physics events in the water will be removed, leaving only the key 
peak photoelectric related information to remain, as is consistent with the SmartID 
algorithm. 
2.2.1. Running SmartID 
 Post-processing spectra with SmartID is a relatively simple task.  Only five files 
are needed.  These include a spectrum file in “.Spe” form, a FWHM file “FWHM.txt”, an 
energy calibration file “Energy.txt”, a background spectrum file in “.Spe” form, and an 
input file “smartid.inp”.  The “Energy.txt” file is setup with the channel number in the 
first column followed by the corresponding energy in units of keV in the second column.  
The “FWHM.txt” file is set up in a similar manner.  The first column lists the energy in 
units of keV for a peak, and the second column lists the corresponding width of the 




Figure 2.11: Input file, “smartid.inp,” SmartID utilizes for post-processing.  Each line 
numbered for description. 
 
 Many of the lines are self-explanatory, however, each line will be explained along 
with options for clarification.  Lines 1and 2 point to the location of the spectrum file in 
“.Spe” format to be post-processed.  Lines 3 and 4 refer to the background spectrum and 
points to its location.  Lines 5 and 6 refer to the background significance factor which is 
used to increase or decrease the contribution from the background spectrum when 
subtracting from the gross count spectrum.  Lines 7 and 8 point to the location of the 
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“FWHM.txt” file.  Low energy tailing, as listed in lines 9 and 10, refers to low energy 
regions in the spectrum where the right side of the photopeak has a larger FWHM than 
the left.  The first parameter is the weight of the Gaussian with the larger FWHM, and the 
second parameter is the larger FWHM in units of keV [6]. 
Lines 11 and 12 refer to peak aliasing which aliases peaks too close to dominant 
peaks.  This will eliminate these minor incidental peaks and add to the dominant peak.  
This option helps with the accuracy by decreasing sensitivity to a specific DRF model 
[6].   
The energy calibration is determined from the “Energy.txt” file which is pointed 
to in lines 13 and 14.  Lines 15 and 16 introduce the chi-square threshold option.  It is 
recommended that this option be set to -1 since this refers to the adaptive chi-processed 
denoising explained in Chapter 2.1.1.  If this is chosen, the following lines, 17 and 18, 
must be included.  The alpha setting refers to the rejection criteria used in denoising.  The 
minimum value is 0.005.  This can be increased to 0.995.  Increasing this value decreases 
the amount of denoising taking place, but also decreases the risk of removing real 
features [6]. 
 I introduced the new DRFs into SmartID in lines 19 and 20.  Option “9” refers to 
these new DRFs modeled specifically for a PWR fuel assembly in water.  Options 0-5 
refer to a NaI detector, but in different configurations and size.  Option 0 is for a 2” × 2” 
NaI detector point source with no shield.  Option 1 is similar to option 0 with an added 
thin iron shield [6].  Option 3 is a 4” × 4” × 16” NaI bottom portal monitor with a small 
source and no shield.  The source is located 140 cm off of the ground and 140 cm from 
the steel portal monitor box [6].  Option 3 is similar to option 2, but the portal monitor 
box is located above the lower box assembly.  Option 4 is similar to option 2 with an 
added steel shield.  Option 5 is similar to Option 3 with an added steel shield.  Option 6 
refers to a 3” in diameter by 1” Portable HPGe detector as an option with a point source 
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and concrete floor [6].  Options 7 and 8 consider a 2” × 2” CsI detector with a point 
source.  Option 8 also includes a small cast-iron scattering plane [6].   
The rejection threshold in lines 21 and 22 gives the minimum number of counts 
that will be accepted as a peak.  Peaks found that do not meet the minimum number of 
counts will be rejected.  The relative channel threshold option in lines 23 and 24 helps 
prevent “leftover” subtracted counts from leading to “false” peaks [6].  This setting has 
the user input a minimum percentage of the original spectrum at that point that a 
synthetic peak must represent.  It is recommended that this value is set to at least 5% [6]. 
 The scattered counts scaling factor in lines 25 and 26 lets the user input the degree 
upon which scattered counts are associated with a full energy photopeak.  For example, 
inputting a value of 2 would double the amount of scattered counts [6]. 
 Lines 27 and 28 give the user the option for the user to input the lowest energy 
SmartID will consider for peak identification, whereas lines 29 and 30 show the option 
for the highest energy considered.  The maximum is currently 3.0 MeV.  The nuclides 
SmartID will consider for peak attribution are selected by the minimum highlife unit 
considered which is inputted in line 32.  The detector material is selected in lines 33 and 
34.  This should match with the detector response function chosen in line 20.  The 
corresponding detector thickness is referred to and inputted in lines 35 and 36.  A 
thickness of 5.080 cm refers to a typical 2” × 2” detector.   
 SmartID is also unique in that it has the ability to determine the most likely 
shielding scenario that a source may be placed behind.  Lines 37 and 38 refer to the 
selected shield material.  This could be chosen as either iron or lead, or it can be 
uncertain.  In the latter case, the code iterates between the different shielding scenarios 
and scores each.  In a similar manner, the thickness of the shield can be either set at a 
specific thickness or can be unspecified in lines 39 and 40.  If unspecified, the code will 
iterate up to the maximum specified thickness in units of cm.   
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 Identified peaks are attributed to gamma emissions by the options specified in 
lines 41 to 46, and lines 49 to 52.  The tolerance ratio in lines 41 and 42 refer to the 
energy range in which a peak will be matched to an emission.  This is described in more 
detail in chapter 2.1.1.  This value can either be set as a maximum or be used in an 
iterative scenario for best attribution [7].  Lines 43 and 44 refer to a blur coefficient.  If 
two identified peaks fall within the energy determined by this coefficient, the 2 peaks will 
be combined.  The energy mismatch weight is set in lines 45 and 46, and is typically set 
to 1 [7].   
 The location and name of the resulting output file compiled by SmartID can be 
established by the user in lines 47 and 48.  It is best to make the name as descriptive as 
possible in order to remember which spectrum was analyzed.   
 Lines 49 and 50 let the user set the scoring parameters for the correlation 
thresholds of how well a nuclide is matched.  Typical values are set as 110 for highly 
matched, 90 for moderately matched, and 60 for low matched nuclides [7].   The final 2 
lines, 51 and 52, include the parameters for determining the best tolerance value for 
nuclide identification.  The first value represents the starting tolerance; the second value 
represents the increasing tolerance step size; and the third value represents the minimum 
number of highly scored nuclides (score set in line 50).  The maximum tolerance value 
was set by the user in line 42. 
 Now that all options have been described in detail, I’ll apply SmartID in post-
processing real and simulated source scenarios to determine if the algorithm is 
performing well, and which options must be included or altered to achieve the most 
reliable results. 
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3.1  Calibration Source Experiment 
Real world experiments with SmartID were required to establish the code for the 
fuel assessment application for the project.  Therefore, I designed an experiment to verify 
SmartID’s ability to identify radionuclides in an air medium, and to determine if SmartID 
is capable of correctly identifying radionuclides through a water medium.  The spectra 
were collected by a Canberra 2 in. x 2 in. NaI(Tl) scintillator detector. 
I created a simple experimental setup to minimize any external interference.  On a 
free standing table in the center of a detection laboratory, I aligned a NaI(Tl) detector 40 
cm away from a stand to hold various radiation sources, as shown in Figure 3.1.     
 
 
Figure 3.1: Experimental setup of NaI detector facing source stand. 
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Additionally, I purchased a 40 cm long plastic tub and filled it with water.  This 
was later placed between the detector and source stand for the water medium spectra 
collections.  I collected spectra of sources in this configuration through air, and also 
collected spectra for the same sources after adding a container of water in between the 




Co.  The 
137
Cs calibration source had an activity of 262.8 μCi.  This source was dated February 1, 
1999. Taking into account a half-life of 30 years, the current activity of the source was 
calculated to be 180 μCi.  The 
60
Co sources were much weaker (each 1 μCi on January 
28, 2008 and 0.4 μCi on date of measure); therefore I placed two of these sources on the 
source stand for data acquisition.   
I calibrated the detector using both of these sources, plus a natural thorium glass 
source (that included a 
208
Tl source) and a 
22
Na calibration source through air.  From the 
calibration spectra, I calculated the FWHM values for various energy peaks for use in the 
SmartID analysis of the collected spectra.  Table 3.1 lists the calibration data for use in 
the “Energy.txt” and “FWHM.txt” files needed to properly run SmartID. 
 
Table 3.1: Calibration gamma peak data for a 2 in. x 2 in. NaI(Tl) detector in air. 







661.657 311 46.526 
1173.23 542 55.365 
1332.49 614 66.36 
2614 1191 86.618 
 
 
As previously stated, the 
137
Cs source was much stronger than the 
60
Co sources. 
Figure 3.2 shows the spectrum collected with air between the detector and source, and 
with water between the detector and source.  
137
Cs has only one major gamma energy 
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emission at 662 keV.  Due to its strength, its peak was still easily discernable in the water 
spectrum, but it is noteworthy to see how significantly the signal drops off for the number 
of counts collected over 30 minutes from an air environment to a water environment.  
The peak in the air case is 20 times greater than the peak for the water case. 
 
   
Figure 3.2: 
137
Cs spectrum in air shown in blue.  
137
Cs spectrum in water shown in pink.  
Background spectrum shown in yellow. 
 
 The measurements were taken in a laboratory located on the top floor of the 
Boggs building at Georgia Tech.  This laboratory stores many types of calibration sources 
for radiation detection research.  The storage of these radioactive sources contributes to a 
noisy, elevated background shown in yellow in Figure 3.2.  Identifiable peaks are visible 
at energies near 2600 keV (relating to 
208
Tl), and 1400 keV (relating to 
40
K).  It is also 
evident that this background contributes to the overall shape of the spectra collected for 
the 
137















environments by removing all background effects without removing important features of 
the measured source.  I verified this by employing the SmartID algorithm with the 
137
Cs 
in air spectrum with the background spectrum subtracted and without the background 
subtracted.  Figure 3.3 shows the identified 
137
Cs in air spectrum without background 





Cs spectrum in air shown in blue.  Background was not subtracted.  All 
identified peaks are shown by the red vertical lines. 
 
 I included a shielding search in my “smartid.inp” file since many of the sources 
contributing to the overall background are most likely stored and shielded.  The most 
likely shielding scenario scored was 3 cm of lead.  This resulted in 
137
Cs as the most 
likely nuclide.  This is actually highly likely since I know that 
137
Cs was the source used 
for spectrum collection.  
60
Co was also identified, and I find this to be likely since I know 
that this source was in the vicinity of the detector, for later use.  The remaining nuclides 
scored present a unique background.  There is a natural thorium glass source present in 










the laboratory; however, its exact nuclide content is unknown.  The background suggests 
that this is not a pure source, and might have at one time been subjected to irradiation or 
been in the presence of a neutron source.  In order to be sure that SmartID would best 
match nuclides present, I set the tolerance ratio, or energy window, to 1%.  Looking 




Th are present.  Both have 2 very similar gamma emissions, and the 302.74 
keV photopeak and 331.54 keV photopeak are attributed to both nuclides.  The 302.74 
keV photopeak is also attributed to 
212
Pb, a daughter product of natural Th.  Therefore, 
this is actually the nuclide present.  The 2600.7 keV photopeak identified is clearly 
shown, and is most likely from the 2614 keV emission attributed to 
208
Tl.  In fact, 
SmartID attributes 3 out of the 4 
208
Tl emissions.  It is also likely that 
22
Na is present in 
the background, since the spectrum collection took place on the top floor of the Boggs 
building at Georgia tech.  Both emissions for this nuclide are attributed by SmartID.  
Since I believe this nuclide, 
22
Na, is present, it is unlikely that 
65
Zn is present.  This 
nuclide shares an emission at 511 keV with 
22





Bi, which is a daughter product of 
238
U.  I determined that it is 
more likely that 
238




Ra, also a 
238
U daughter product 
is scored, along with 
238
U itself.  
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Figure 3.4: Scored nuclides identified by SmartID for the 
137
Cs spectrum without 
background subtraction. 
 
 I repeated analyzing the 
137
Cs spectrum in air with SmartID, this time taking into 
account background subtraction.  Figure 3.5 shows the resulting identified peaks.  
Multiple peaks still are identified, but they no longer hold as much significance to the 
overall gross count rate.  SmartID was able to accurately identify 
137







Cs spectrum in air shown in blue.  Background shown in yellow.  All 
identified peaks are shown by the red vertical lines. 
 
I processed the water case spectrum through SmartID, which successfully scored 
137
Cs as the most likely isotope.  SmartIDFigure 3.6 shows the identified peaks of the 
water spectrum with background subtraction.   
 













Cs spectrum in water with peaks identified by SmartID.  Background 
shown in yellow.  All identified peaks are shown by the red vertical lines. 
 
Although less pronounced, the 662 keV peak is clearly identified by SmartID, and 
137
Cs is the top scoring nuclide.  Figure 3.7 shows the identified peaks, and resulting 
nuclides scored for this case.  The identified 657.23 keV peak is attributed to the 662 keV 
emission associated with 
137
Cs. 












Figure 3.7: SmartID partial output file for 
137
Cs through water. 
 
Although the spectrum shown in Figure 3.6 was greatly altered through the water, 
I wanted further validation that a more complicated or weaker source could still be 
correctly identified in this type of very noisy background medium.  The isotope 
60
Co has 
two gamma peaks; one at 1173.228 keV and one at 1332.490 keV.  Figure 3.8 shows 






Co spectra through 40 cm of air in blue with background in yellow. 
 
In a similar manner to the 
137
Cs cases just presented, the background spectrum has 
a noticable effect on the raw collected spectrum for the 
60
Co source.  However, in this 
case, the 
60
Co sources are much weaker, and the background produces a more 
complicated spectrum with multiple energy peaks not associated with or expected to be 
seen for a 
60
Co source.  Again, I utilized SmartID to identify energy peaks for the 
60
Co 
spectrum in air without subtracting background.  Figure 3.9 shows the identified peaks.  
A total of 40 peaks are identified when the only source to be directly measured was the 
60
Co.   













Co spectrum in air shown in blue.  Background was not subtracted.  All 
identified peaks are shown by the red vertical lines. 
 
 The laboratory environment produced a highly complicated low radiation area.  
Figure 3.10 shows the identified nuclides from the SmartID output file.  I see high 
correlations for many fission products and nuclides associated with 
232
Th.  At first, it 
seems that SmartID is innacurately identifiing nuclides, but the thorium source located in 
the laboratory is actually highly complicated with numerous daughter products.  Like the 
previous 
137
Cs plus background analysis, the natural thorium source is creating this 
unique spectrum.  This source is in glass form, and was found left behind in another 
laboratory at Georgia Tech.  The history of the source is unknown, but I have confirmed 
that it contains natural thorium.  I have previously employed SmartID to try and identify 
this source and found that it likely is not pure thorium.  Although, its visual energy peak 
features show the key energy peaks linked to 
232
Th, I  believe it may also contain some 
natural uranium.  Figure 3.10 shows the complicated nuclide identification.  In addition to 




Na are identified.  The 
key identifying nuclide for the presence of Th is 
208
Tl.  Two out of four peaks were 









identified by SmartID, and the peak heights follow the branching ratio and detectability 
patterns of the emissions.  Two additional 
232





also identified.   In addition to the many fission products discovered by SmartID, The 
40
K 
peak is clearly visible in the spectrum.  It has a gamma emission at 1460.83 keV and 
attributed the peak identified at 1454.6 keV.  The higher energy peak for 
22
Na was 
identified 1263.9 keV for the 1274.5 emission.  Again, I do not believe that 
46
Sc is 





   
  
Figure 3.10: Scored nuclides identified by SmartID for the 
60
Co spectrum without 
background subtraction. 
 
Although it is impressive that the SmartID algorithm was able to pull out many 
hidden energy peaks relating to Th, it is more impressive that the majority of these peaks 
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are removed when background removal is applied.  Figure 3.11 shows the same collected 
raw spectrum for 
60
Co in air with the background.  The background was subtracted from 
the raw spectrum and SmartID identified far fewer energy peaks.  Figure 3.12 shows the 
new results which are much more limited in comparison to Figure 3.10.  Some of the 
background nuclides bleed through to the new net spectrum, but 
60
Co is overwhelmingly 





Co spectrum in air with peaks identified by SmartID.  Background shown 
in yellow.  All identified peaks are shown by the red vertical lines 
 
 











Figure 3.12:  SmartID score summary for the 
60
Co source through air. 
 
Changing the medium of travel for the gamma emissions from air to water 
significantly alters the spectrum’s appearance.  These two peaks become nearly 
undiscernible, as shown in Figure 3.13, due to the low resolution in a NaI(Tl) detector, 
the noisy background, the Compton scattering effects from the water, and the close 
proximity between the peaks.  I analyzed this spectrum with SmartID, accounting for the 
background.  If the DRFs were computed correctly, and SmartID is properly tuned, these 
two peaks will be identified and the output will compute a high likelihood of 
60
Co in the 





Co raw spectra through 40 cm of water. 
 











Figure 3.14: Peaks identified for a 
60
Co spectrum (blue) through 40 cm of water.  The 
background is shown in yellow. 
 
 The SmartID results show that the two peaks can be accurately identified.  Figure 
3.15 shows the output file describing the results. 
 













Figure 3.15: SmartID output file for 
60
Co spectrum through water. 
  
 The most likely nuclide by far, identified by SmartID is 
60
Co with a very tight 
energy window.  This is very impressive considering the complex background and how 
weak the 
60
Co sources considered were.   It does appear from the peaks near 662 keV that 
the strong 
137
Cs located in the laboratory is influencing the spectrum, but does not 
interfere enough to significantly alter the scoring.  From these studies, I have found that 
SmartID has proven to work well in noisy laboratory environment, making it appropriate 




3.2  Irradiated Fuel Pin Experiment 




Co calibration source experiment, I designed an 
experiment to replicate a simplified spent fuel pool environment.  I did this in order to 
verify that key spectral information from irradiated fuel submerged in water can be 
determined.  The Radiological Science and Engineering Laboratory (RSEL) at Georgia 
Tech has the facilities and sources available that allow a natural uranium metal fuel rod to 
be irradiated by strong neutron sources, in order to produce fission products normally 
seen in used nuclear fuel.  The fission products’ gamma radiation will be measured with a 
low cost scintillator detector, NaI(Tl).   
To support the actual experiment setup and irradiation, I produced MCNP models 
to profile the experimental outcome prior to running the experiment, and determine the 
dose rates involved.  The experiment was designed to take place in the D-T neutron vault 
of the RSEL for this reason.  Figure 3.16 shows the basic experimental setup.  The light 
pink area represents the concrete walls and floor of the lab, the purple represents the lab 
space air.  The fuel rod is the long vertical cylinder, the green is the water filled tub, and 
the orange is lead shielding surrounding the detector, which is represented by the color 
pink.   
 
 
Figure 3.16: MCNP model of the experiment setup sliced along the x-axis. 
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Water is an excellent neutron moderator due to its abundance of hydrogen, which 
is nearly identical in mass to neutrons, greatly slowing down and thermalizing fast 
neutrons.  This thermalization is ideal, since most neutron induced fissions of natural 
uranium result from thermal neutrons.  The placement of the neutron sources allow the 
emitted neutrons to travel through the container of water and scatter down to thermal 
energies before interacting with the uranium fuel pin.  This ideally induces fission 
reactions in the uranium fuel which produce key fission products for detection.  Figure 
3.17 shows a close up view of the neutron interactions taking place near the natural 
uranium fuel rod. 
 
 
Figure 3.17: Neutron interactions for the MCNP model of the experiment setup along the 
x-axis. 
 
Once the computational modeling of the experiment was complete, the actual 
experiment was set up in the RSEL neutron vault.  Figure 3.18 shows the actual 
experiment setup.  The image on the left shows the 3 1-Ci PuBe sources and the 1.2×108 
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neutrons per second emitting AmBe source.  These were held in place by small plastic 
containers.  The right image shows how the detector will be pointed at the fuel rod and 
shielded by lead.  The irradiation of the fuel rod continued for approximately 2 weeks.  
For the first week of irradiation, the detector was removed from the vault, and it was 
added after the sources were removed to take a 5 min and 1 hour gamma spectrum.  Once 
the spectra collection was complete, the neutron sources were added back to the 
experiment.  In the next sequence, the detector was left in place and fuel rod was 
irradiated for an additional week.  During this second week of irradiation, the detector 
was set to collect, remotely, gamma spectra information at 8 hour time increments in 
order to assess if the detector was able to detect a set of both short lived and long lived 
fission products growing in the fuel pin with time.  This culminated in a total of 21 eight 
hour spectra over the course of one week.  The sources were removed again, and 21 
consecutive 5 minute spectra were taken in order to see how the short lived fission 
products die out. 
 
  




Before irradiation began, intial energy calibration and FWHM measurements 




Na.  Figure 
3.20 shows a 
137
Cs source spectrum.  The peaks were correctly identified by SmartID.  A 










Co were used to calibrate spectra 







Na calibration source spectra with identified gamma peaks.  The 






Cs calibration source spectra with identified gamma peaks.  The yellow 
counts are the background and the blue counts are the gross counts. 
 
3.2.1 Spectra collection during irradiation 
The initial and final 8 hr spectra gathered from the irradiation experiment are 
shown by Figure 3.21.  Since this spectrum was acquired during the irradiation period, a 
clear 2.2 MeV gamma peak from (n,γ) interactions with the hydrogen in the water is 
observed at 2.21 MeV.  The additional peaks visible are from the neutron sources 
themselves and not from the irradiated fuel.  The first and last 8 hour spectra collected 
were compared to determine whether or not significant observable changes in resolution 
due to detector radiation damage occured.  A change in the FWHM of the visible peaks 
are not apparent in Figure 3.21, indicating the detector did not incurr significant damage 
due to the presence of the neutron sources.  Although difficult to observe from Figure 
3.21, close examination shows that the last 8 hour spectra has an overal greater count 
rate, indicating the buildup of fission products in the fuel.  This differenciation between 
the first 8 hour and last 8 hour spectra is difficult to distinguish due to the neutron sources 
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combined gamma strength being much stronger than the fission product’s gamma 
strength.  Figure 3.22 shows a closer view of the difference between counts over the 8 
hour collection period.  The last case has an overall increased count rate from the first 
case of 204.23 counts per second.   
 
   





















Figure 3.22: First 8 hour and last 8 hour spectra measured durring irradiation of fuel 
element scaled linearly and plotted between 600 and 1400 keV. 
 
Using SmartID, I analyzed the last 8 hour counting spectrum to identify peaks and 
possible nuclides.  The identified peaks are shown by Figure 3.23 and listed in Figure 
3.24.  These peaks are matched to gamma emissions to produce the results shown in 
Figure 3.25.  Although it does not appear that many peaks are identified, the SmartID 
nuclide scoring techniques are robust and take many factors into account as described in 
detail in Chapter 2.1.2.  It is important to take a close look at the scoring break down of 
the nuclides identifiied.  The High, Moderate, and Low correlation descriptors represent 
how much emphasis is placed on the points scored for each isotope.  These threshold 
values are decided upon by the SmartID user and can be changed in the SmartID input 
file.  Sometimes these overall high scores actually have instances of very low base or 
bonus scores in comparison to some moderately correlated nuclides.  The long list of 
short lived fission products, and the presence of (n,γ) interactions appearing in the 



















Figure 3.23: Identified peaks from last 8 hour spectrum accumulation during irradiation. 
 
 
Figure 3.24: Identified peak energies for the last 8 hour accumulated spectrum during 
irradiation. 
 












Figure 3.25: SmartID nuclide score summary of the last 8 hour spectrum accumulation 
during irradiation. 
 
 Since this spectra was taken during the irradiation of the fuel rod, activation 




Ar, as highly and moderately correlated.  It also accurately identifies the 2.2 MeV 
gamma emission from neutron interactions with the hydroden in the water with the peak 
identified at 2213.6 keV.  The water used in the experiment was tap water which contains 
calcium.  The 
47
Ca nuclide likely results from the calcium in the water being subjected to 
high neutron radiation. 
3.2.2 Spectra collection post irradiation 
Although some fission products were identified by SmartID for the during 
irradiation case, the neutron sources were much stronger in activity than the fission 
products, making it difficult to resolve many of the fine details.  Therefore, I decided to 
collect spectra after irradiation without the neutron sources present. 
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Immediately following irradiation, the neutron sources were removed from the 
experiment and stored in their respective proper storage locations.  21 consecutive 5 











minute accumulated spectra for comparison. It is promising that fission products will be 




Figure 3.26: Counts per minute for a NaI(Tl) detector minus the background.  Each line 
represents a different 5 minute counting interval, where 1
st
 represents the first 5 minute 
count, and 21
st
 represents the last 5 minute count taken. 
 
 
 I post-processed each case with SmartID, and noticed that the greatest number of 
peaks were identified in the first 5 minute count spectra.  As spectra were collected later 
and later after irradiation, less and less peaks were identified along with isotopes.  This is 
consistent with fission product behavior, since many of the fission products produced 

























experiment only utilized PuBe and AmBe irradiation sources over a week’s period of 
time, I expected to see significantly less of the fission products typically seen in a reactor.  
Figure 3.27 shows the 1
st
 5 minute count case collected 1 hour and 35 minutes after 
irradiation, and Figure 3.28 shows the corresponding scoring of the identified nuclides for 





 5 minute spectrum collected immediately following irradiation. 
 
 A significant challenge for nuclide identification took place in determining the 
optimal options for the “smartid.inp” file.  In Chapter 2.2.1, I described each option that 
could be tailored to identify the peaks present and match the most likely isotopes from 
the identified photopeaks.  Since the experimental setup was not identical to the modeled 
DRF cases for an assembly in water, I turned on the shielding option so that it would 
iterate between shielding cases of iron or lead, and also allowed iteration of shield 
thickness up to 10 cm.  I expected to see one of the shielding options, especially the lead, 
to be scored higher than an unshielded case due to the large amount of lead shielding 









surrounding the detector assembly.  I also set the Aliasing Factor to 0.75, in order remove 
possible incidental peaks.  This feature helps in cases where the actual measurement 
geometry is not an exact model matched by the DRFs.  Since this was a real experiment, I 
expected noise from electronics to be a real contributing phenomenon.  In order to 
mitigate the noise effects, I set the alpha parameter for chi-square analysis to 0.01.  I risk 
losing key spectral information if I set this value too low, but I also do not want to miss 
true spectral changes due to closely lying photopeaks.  The next setting I changed was to 
have SmartID utilize the new water DRFs, so I set this option to “9”.  I kept my rejection 
threshold low since the overall counts in the spectrum were low due to the quick 
collection time (5min).  I set my low energy cutoff value to 0.3 MeV, since I know that 
my DRFs lose accuracy along with my calibration at low energies.  I also set the 
minimum half-life unit to seconds in order to account for the very short lived isotopes 
characteristic to uranium that has undergone fissions.  I tried keeping a tight tolerance 
ratio since many fission product emissions fall very close to one another, and I wanted to 
minimize the effects of double counting peaks.  Employing these settings provided the 
results shown by Figure 3.28.   
 I spent significant time adjusting these parameters to determine the optimal 
settings that I believe best represent what is truly present.  When I changed some 
parameters, such as the alpha value, I noticed significant changes in the scored nuclides.  
I decided on the 0.1 value since the top scored nuclides matched the expected top gamma 
emitters from fission.  When my set parameters differed from the optimal settings I 
discovered, I would see either very few nuclides scored, or nuclides scored that I knew 








Figure 3.28: SmartID identified isotopes from a 5 minute spectra collected immediately 
following irradiation of a natural uranium fuel rod. 
 
Although peaks less than 982.7 keV were not identified, SmartID was still able to 
score the most active gamma emitters in spent fuel.  The lack of peak identification in the 
lower energy region was most likely due to the very high emission rates of the short lived 
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fission products creating a large pileup effect.  However, the higher energy emissions 
provide key identifying information.  Figure 3.28 shows the SmartID output listing the 
most highly correlated nuclides to the peaks identified.  The nuclides appearing in the 
High correlated list are nuclides that are expected to be in high concentration 
immediately following irradiation.  Additionally, since the neutron sources were removed 
very soon before the spectra were collected, it is highly likely that activation products 
would be present which is confirmed by SmartID.   
The top scoring nuclides for the top scoring shielding scenario (10 cm of lead) are 




I, along with other isotopes not 
commonly acknowledged with spent fuel. 
 59
Fe is the third highest scoring nuclide, but 
this is most likely not from fission.  The lab space has many metal objects, including the 
detector stand, made up of iron.  
58
Fe is a naturally occurring isotope of Fe, and although 












Y are high gamma emitting nuclides, but some peaks are attributed multiple times.  I 
decreased the tolerance to only allow a 1.5% energy window for peak attribution, to find 






I were still the highest 






Rh followed.  These nuclides could be present 
due to neutron capture interactions in many of the surrounding materials in the 
laboratory.  Nickel is naturally in steel, and cobalt is produced by neutron activation of 
iron isotopes.  
 Utilizing the same parameters as the 1
st
 5 minute case, I post-processed the 20
th
 5 
minute case through SmartID.  Not only did this case show less counts per second in the 
detector, but it also showed a change in the spectrum shape due to the short lived isotopes 
dying out.  I saw a decrease in the number of peaks identified using the water DRFs.  
Figure 3.29 shows the spectrum with peaks identified.   
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Figure 3.29: Peaks identified for the 20
th
 5 minute spectrum using the water DRF option. 
 
 The same, 10 cm thick lead, shielding scenario was scored the highest, and the 
resulting nuclide scoring is shown in Figure 3.30.  The order of some nuclides change, 
but the top 4, highly correlated, nuclides all represent some the highest gamma emitting 
nuclides for irradiated fuel.  Key identifying peaks for 
140
La are clear, especially since 
many of 
140
La’s gamma emissions lie in the upper energies.  
42
K is also highly correlated, 
but I do not believe this nuclide is actual present in a discernable concentration.  SmartID 
only identifies one possible emission out of 2 for this nuclide.  Additionally, the 
photopeak attributed, 1513 keV, is already attributed to emissions of 
135
I, which is a 
much more likely nuclide to be present. 










Figure 3.30: Isotopes identified by SmartID using the water DRF option from a 5 minute 
spectra collected 1 hour and 35 minutes following irradiation. 
 
 In order to see if the nuclide scoring would change significantly if I decreased the 
tolerance (energy window), I post-processed this spectrum with a maximum 1.5% energy 















Ru.  As I described 
previously, I do not believe 
42
K to actually be present for the same reasons, but I do find 




Rh to be identified.  These latter 
two nuclides were also identified in the 1
st
 5 minute case, and 
106
Rh can be directly 
correlated to fission, especially fissions of 
239
Pu. 
 Since this experiment configuration did differ from the water DRF models, I 
thought it would be useful to also to process the spectrum using the air DRF model while 
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utilizing the scattering option.  It is recommended that when using this option, it be set 
initially to 1.25 [1].  I reprocessed the spectrum, each time increasing the scattering 
option by .1, until I started losing key nuclides I knew should be present, but still 
maintained a high score for the lead shielding option.  I found that I needed to set the 
scattering parameter to 1.85 for this to occur.  Figure 3.31 shows the resulting peaks 
identified in the spectrum.  As noticed, many more peaks are identified in the lower 
energy ranges than for the previous cases with the water DRFs. 
 
 
Figure 3.31: Peaks identified for the 20
th
 5 minute spectra using the air DRF option and 
scattered counts scaling factor of 1.85. 
 
 The difference between peak identification results shown in Figures 3.29 and 3.31 
is most likely a result of the experimental environment.  Unlike a spent fuel pool scenario 
as modeled for the water DRFs, the experiment had greatly decreased the amount of 
water surrounding the fuel rod and detector.  Due to material constraints, the detector was 









not submerged underwater.  Instead, the detector was pushed against the side of the water 
tub and the remaining sides were surrounded by air.  The irradiated fuel rod was also not 
fully submerged, allowing some fission products to reach the detector without any 
interaction with the water.  The detector was surrounded by lead shielding, but due to the 
configuration of the detector and stand, the lead shielding arrangement contained small 
gaps, allowing gammas scattered off the walls and flooring to enter the detector, and 
potentially allowing gammas directly from the exposed fuel rod to enter the detector 
without ever interacting with the water. Referring back to Figure 3.18, it is easy to 
identify gaps in shielding coverage.   
 The corresponding nuclides scored from the peaks identified in Figure 3.32.  
Since the fuel rod is natural uranium, I would expect SmartID to identify the presence of 
238
U.  For this case, this was confirmed true through the attribution of 
234
Pa, a daughter 
product of 
238
U.  Figure 3.33 shows the details of the individual gamma attribution for 
this isotope.  It is likely that this is only determined in this case since much of the 
uranium fuel rod is exposed and out of the water.  Many of the gamma emissions from 
this isotope are most likely not scattered through the water, therefore more emissions 
have the opportunity to interact with the detector, especially at lower energies.   
 It is promising to see the fission products scored in Figure 3.30 also scored in 
Figure 3.32.  Investigating further shows nuclides with a higher bonus score II match up 
more closely with those scored in the water DRF case.  Recalling Chapter 2, the base 
score takes into account the overall number of emissions of and isotope and the number 
of matched peaks with respect to detectability.  The second bonus score takes into 
account the number of counts expected to be observed in the full energy peak for each 
emission.  For this spectrum, since only a finite number of peaks are identified, bonus 
score II is a better measure of how likely an isotope is present in the spectrum.  Now 
looking back at Figure 3.31 with this perspective, I see that some of the highest scoring 
nuclides in the scattering option case are likely not present.  For example, 
187
W is not a 
 77 
likely nuclide.  When looking closer at its peak attribution, I also see that the peaks 
attributed have already been attributed to other, higher scored nuclides.  I also do not see 
46
Sc as a highly likely nuclide do to similar reasoning.  I believe 
140
La to be present due 
to the specific emissions attributed.  
140
La is unique in that it has high emitting gammas in 
the MeV range of energies.  Looking closely at the peak attribution, Figure 3.34, it is 
shown that the highest energy emission, 2899.61 keV is attributed, along with its high 
probability of decay emission at 1596.21 keV.  Although, it does attribute some other 
photopeaks to its lower energy emission, I believe these are actually falsely attributed due 
to the low probability per decay.  I do not see this as an issue in determining the presence 
of 
140
La, since the high energy gammas are relatively unique to this nuclide, and the 




Np. Overall, the top nuclides scored also correspond to many of the most active 
nuclides found in spent PWR fuel soon after removal from the reactor core and can be 
correlated to burnup. 
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Figure 3.32: SmartID identified isotopes with scores greater than 91.89 using the air 
DRF and scattered counts scaling option from a 5 minute spectra collected 1 hour and 35 





Figure 3.33:  Photopeak attribution for 
234
Pa using the air DRF and scattered counts 
scaling option from a 5 minute spectra collected 1 hour and 35 minutes following 
irradiation of a natural uranium fuel rod. 
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Figure 3.34: Photopeak attribution for 
140
La using the air DRF and scattered counts 
scaling option from a 5 minute spectra collected 1 hour and 35 minutes following 
irradiation of a natural uranium fuel rod. 
 
 The results shown by Figure 3.32 from the air DRFs with scattered counts scaling 
factor similarly emphasize the presence of fission products in the spectrum.  But this time 
with the additional energy peaks identified, the base score and bonus score I are 
represented better.  I mentioned that 
132
I would actually be one of the most likely fission 
products seen for the water DRF case if I looked at bonus score II.  Bonus score II 
examines the emission rates instead of the other scores due to the lack of peaks identified.  
This is shown to be true in the Figure 3.22 case.  Many more emissions are identified, and 
the highest scoring nuclide is 
132
I. 
 I have shown in this chapter that SmartID appears to perform very well under highly 
complicated backgrounds, and irradiated fuel scenarios.  The next chapter will build upon 
this concept with simulated spectrums I developed from modeling a PWR fuel assembly. 
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CHAPTER 4 
SIMULATED SPECTRAL ANALYSIS 
 
4.1 Origen Source 
 In the preceding chapter, I collected real spectra of known calibration sources and 
also of an irradiated fuel rod.  SmartID performed well for each case, but in order to 
justify and demonstrate that SmartID can identify with a high level of accuracy nuclides 
in a complicated fuel assembly, I need to analyze a spectrum representing a 
Westinghouse 17x17 PWR spent fuel assembly after 1 day since removal from the 
reactor core.  I considered simulated spectral information instead of collected data in 
order to have clear comparison to the actual material present in the fuel assembly.  Since 
I am modeling a source with a known material composition, I will be able to compare the 
results from SmartID and the original emissions modeled directly.  For the purposes of 
this dissertation, and the ideas explored, a collected spectrum is not needed. 
In order to develop a representative burned PWR fuel assembly model in water, I 
determined the individual gamma emissions expected from such a source.  This was 
completed by employing the ORIGEN/ORIGEN-ARP modules that are isotopic 
depletion and decay analysis tools part of the Oak Ridge National Laboratory SCALE6 
code system [1].  This code system is used worldwide to provide fuel depletion analyses 
as a much faster alternative to traditional burnup analyses [1].  The cross sections used 
for analysis are pre-computed from a reactor physics transport code modeling the fuel 
assembly design and reactor type.  For the purposes of my evaluation of spent fuel, I have 
considered a Westinghouse PWR 17x17 fuel assembly.  ORIGEN allows the user to 
define the fuel type, enrichment, and irradiation conditions, for which it interpolates from 
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the pre-computed cross sections.  This significantly reduces the computational time 
without altering the accuracy of the solution.   
All nuclides included in the ORIGEN-S library are analyzed, and ORIGEN 
determines the isotopic compositions of the spent fuel materials as a function of time in 
order to determine decay heat generation and the resulting radiation source terms [1].  
Therefore, it produces a detailed output file accounting for all decay daughter products 
and their radiation contributions based on mass yield.  It also provides the unique gamma 
and neutron spectra as a function of decay time per energy group for the material in 
question.  It has been validated extensively for light water reactor (LWR) spent fuel, and 
many benchmarking studies have been completed for MOX fuel calculations [1]. 
For the Westinghouse 17x17 PWR fuel assembly, I set the initial enrichment to 
2.6 weight percent 
235
U, with the total amount of uranium in the assembly set to 1 Metric 
Ton.  I chose the 238 energy group SCALE neutron library group structure, and 
constructed my gamma energy group structure equal to the 24 group structure outlined in 
previous chapters.  I considered three burnup cycles with continuous 37.8 MW/MTU at 
95% power, resulting in a total burnup of 33,000 MWD/MTU.  I set my decay cases for 
0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, and 130 days after the last burn cycle.  These cases 
show the activities and masses for the fission products and actinides at the determined 
times after the burn cycle concludes.  For my analyses, I only considered the 1 day decay 
case in order to determine the key gamma information that can be gathered by a NaI(Tl) 
detector when a fuel assembly is moved from the reactor core to a spent fuel pool for 
cooling.   
The resulting ORIGEN output provides a list of the individual radionuclides 
produced and their corresponding activities in Curies and concentrations in grams.  
Additionally, gamma contributions, in photons/s/basis, from each energy group were 
printed, providing a sense of how the overall gamma spectrum would behave.  From this 
information, the individual gamma emission contributions for each isotope were 
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determined.  The individual emission lines are plotted in Figure 4.1.  There are over 
3,000 gamma emissions present between energy range of 0.3 to 3.0 MeV.  The rate of 
gamma emission is for the total emission contribution from the entire fuel assembly. 
 
 
Figure 4.1: Identified gamma line emissions from a Westinghouse 17x17 PWR fuel 
assembly burned to 33,000 MWD and cooled for 1 day, representing emissions from 73 
nuclides. 
 
 The majority of gamma emissions originate in the lower energy range, with the 
average photon emission from both x-rays and gammas at 0.7519 MeV.  The large 
quantity of gamma emissions, especially those with energies less than 1 MeV, pose a 
challenge for SmartID to accurately account for every single emission.  However, this is 
not the intended scope of this study.  I restrict my interest to be key radionuclides which 
contribute the greatest emission rate to the spectrum, while also providing informative 
data on the burnup to aid in estimating plutonium content.  Therefore, I decreased the 
number of fission products considered to fifteen, analyzing those with the greatest 
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gamma peak contributions.  Table 4.1 shows the considered nuclides, along with their 
greatest contributing gamma emission.  Details on the thermal fission yields from these 
nuclides can be found in Chapter 5.5, Table 5.4. 
 
Table 4.1: Top 15 gamma emitting isotopes from PWR fuel assembly burned to 33,000 
MWD 1 day since removal from reactor. 







































































 Removing the remaining gamma emissions from isotopes not included in this list 
results in a more manageable emission profile shown by Figure 4.2.  However, there are 
still many very close emission lines that would make computational modeling difficult in 
order to produce a simulated spectrum.  Reducing the number of nuclides considered 




 This emission is actually from 
137m




from 15 to 10 reduces the number of gamma emissions considered from 319 to 130.  I did 












I has many emissions, 
and removing this isotope from the source list greatly reduces the number of emissions by 
137.  The gamma emission from 
91
Sr’s highest emitting gamma energy had the lowest 
gamma emission strength in comparison to the other top 15 isotopes, and 
95
Nb only had 
two gamma emissions, both less than 0.766 MeV.  Figure 4.3 shows the remaining 
emissions.  Comparing Figure 4.3 to Figure 4.2 shows a thinning out of gamma 
emissions, but the overall emission profile is not significantly altered. 
 
 
Figure 4.2: 319 gamma emissions identified from 15 major isotopes found in spent fuel 




Figure 4.3: 130 gamma emissions identified from 10 major isotopes found in spent fuel 
after 1 day of cooling. 
 
4.2  MCNP models 
 The MCNP models developed for the burned fuel assembly simulation were 
developed from the models generated for the DRF computations.  Therefore, it is 
expected that SmartID can identify the gamma emissions included in the MCNP source 
definitions for burnup analysis test cases.   
 Just as I created three gamma emission profiles, I created three MCNP source 
models based on these profiles.  For the 319 and 130 gamma emission source models, I 
simulated spectra for both water and air as the gamma transport medium.  Instead of 
developing a model with all 3,000+ possible gamma emissions, I only considered the 
strongest 1,022 emissions.  In order to simulate the detector response for a NaI(Tl) 
detector, I employed the Gaussian energy broadening (GEB) option for an F8 pulse 
height tally [2].  Equation 4.1 shows how MCNP incorporates this option by utilizing 3 
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user specified constants.  Table 4.2 shows the resulting FWHM values computed from 
the GEB setting employed in the models.   
 
 𝐹𝑊𝐻𝑀 = 𝑎 + 𝑏√𝐸 + 𝑐𝐸2 (4.1) 
 
where a, b and c are user defined constants, and E is the energy of the emission in units 
of MeV.  For my model, I set 𝑎 = −7.25 × 10−3, 𝑏 = 0.073219, and 𝑐 = 0.313286.  
Including a GEB option for the MCNP simulations is necessary in order to best represent 
a true detector spectrum.  Scintillator detectors accumulate counts correlating to specific 
gamma energies, but this does not mean all counts will be the exact energy emission.  
Counts seen in a detector follow a Gaussian (or Normal) distribution [3].  The counts can 

























E is energy, and Epeak is the energy of the peak or emission [3].  Figure 4.4 shows a 




Figure 4.4: Gaussian distributions for a mean energy of 660 keV.   
 
Table 4.2: FWHM values from Gaussian Energy Broadening setting in MCNP. 














 The 319 emissions and 1,022 emissions models were executed for 10
12
 particle 
histories, and the 130 gamma emission water case was executed for  2 × 1012 particle 
histories in order to minimize errors.  All cases were executed in parallel on 100 
processors.  Computational time and demand was one of the greatest challenges for these 
FWHM 60 keV
FWHM 20 keV











simulations; MCNP requires significant time for particle transport through large 
absorbing and scattering mediums such as water.  I employed variance reduction 
techniques and reduced the size of my model to decrease computation time, but the 
models still required approximately 4 to 5 days to run on 100 processors.    
Figure 4.5 shows both the water and air cases for the 15 isotope source.  As 
expected, the air model shows more defined peaks and valleys whereas the water model 
seems relatively blurred due to the increased Compton interactions.  Figure 4.6 shows 




Figure 4.5: MCNP simulated spectra for 319 gamma emissions from spent fuel in both 
air and water.  The spectrum in air is shown in blue and the spectrum in water is shown in 
pink.  Emissions are depicted by the vertical lines. 
 
 The blurry condition of the water case is not entirely an attribute of gamma 
transport through water, but a result of increased statistical error from the Monte Carlo 
calculations.  Figure 4.6 shows how the 1 sigma errors differ for the air and water cases 
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with the same number of particle histories.  The significant errors due to the water 
serving as a shield are observed in the water case, and this can cause large errors when 
analyzing the spectrum for gamma emissions and the relative contributions of counts to 




Figure 4.6: MCNP 1 sigma errors for 319 gamma emissions from spent fuel assembly 
gamma spectrum through water and air. 
 
4.3  SmartID Analysis 
 The simulated spectra are unique in the fact that no background is introduced into 
each case.  SmartID still requires a background .Spe file, so I created one with zero 
counts in every bin.  The detector “channels” are essentially the 1keV bin structure 
implemented in my f8 MCNP tallies making the “Energy.txt” a list of channels 
corresponding to the energy in keV [2].  The “FWHM.txt” file is no longer derived from 
calibration spectra, but from the calculated GEB setting used for the f8 tally.  Appendix B 
Water Spectrum
Air Spectrum


















contains the “.Spe”, “Energy.txt”, and “FWHM.txt” files used for SmartID isotope 
identification from each case. 
4.3.1.  319 Emissions from 15 Isotopes Case 
 I continued to examine the 319 gamma emissions from the top 15 isotopes case 
spectra shown by Figure 4.5.  Both the in air and in water spectra were post processed by 
the SmartID algorithm to extract peak information and predict the most likely nuclides 
present.  The results were intriguing.  Although only emissions from 15 isotopes were 
included in the models, SmartID scored additional fission products higher than many of 
the isotopes actually present due to the number of isotopes with similar energies, and due 
to the highly complex emission profile.  Many of the emissions for fission products lie 
within tight energy and magnitude ranges of other fission product emissions.  Therefore, 
it is important to incorporate only the most substantial gamma emitters in order to best 
determine which peaks are actually correlated to certain emissions.  I determined that for 
spent fuel analysis, it would be important to develop a nuclide library specifically tailored 
to short cooled spent fuel measurements.  Including too many low yield and low gamma 
emitting nuclides can result in many peaks being double counted and potentially falsely 
attributed.  Considering the greatest emitting nuclides release gammas on the order of 
10
16
, I only included nuclides in the library that had at least one gamma emission greater 
than 1×1013 gammas per second for the total fuel assembly.  Appendix C shows the new 
gamma library. 
   Processing the 319 gamma emissions in air case with SmartID resulted in the 




 Figure 4.7: Peaks identified from a NaI(Tl) spectrum measuring 319 gamma emissions 
from a burned PWR fuel assembly in air. 
 
 SmartID does a great job of identifying energy peaks that were included in the 
original MCNP models.  With a narrow energy window of 0.5%, SmartID identified 10 






Cs were the highest scored and can all be attributed to the original MCNP 
model.  SmartID can score many nuclides not actually present in the spectrum.  This is 
due to the peak tolerance, ε.  The energy window is selected for determining whether an 
emission lies within εE < peak < (1+εE).  At especially high gamma energies, this range 
can cause very large energy windows.  For example, a 1596.21 keV emission with ε = 
1% will match peaks identified at energies between 1554.71 and 1637.71 keV.  Since 
many of the peaks identified fall in this upper energy range, it is best to tighten the energy 
window so that I can best correlate the identified peaks.  Table 4.3 shows the identified 
energy peaks for the 15 nuclides included in the MCNP model that were matched within 
an energy window of ε = 0.5%. 




































337 2.39×109     
362 4.14×108 132I 363.34 4.94×10-3 2.73×10-1 
386 1.87×109 132I 387.9 8.88×10-3 2.41×10-1 
408 3.32×108     









465 1.25×109     
497 8.55×109 103Ru 497.08 8.89×10-1 1.49×10-1 
543 3.29×109     
573 2.29×108 132I 572.5 5.92×10-4 1.14×10-1 









632 1.23×108 132I 630.19 1.33×10-1 9.47×10-2 
663 4.86×109 137mBa 661.65 9.00×10-1 8.69×10-2 
712 1.86×109     
758 8.40×109 95Zr 756.73 5.45×10-1 6.68×10-2 









876 5.84×108 132I 876.6 1.04×10-2 5.08×10-2 























1073 4.15×107     
1108 3.58×108 132I 1112.4 6.51×10-4 3.30×10-2 









1212 5.67×107 132I 1212.3 1.18×10-4 2.84×10-2 
1282 5.66×108 97Zr 1276.07 9.40×10-3 2.60×10-2 
1337 1.21×108     
1387 4.34×108 132I 1390.7 1.48×10-4 2.27×10-2 
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1519.6 7.90×10-4 1.96×10-2 























1659 6.84×106 132I 1661.4 1.58×10-4 1.72×10-2 
1730 1.73×107 132I 1727.2 6.71×10-4 1.62×10-2 


















1906 8.15×106 132I 1913.7 2.96×10-4 1.37×10-2 
1989 2.93×107 132I 1985.64 1.18×10-4 1.28×10-2 
2116 1.40×107     
2187 2.22×106 132I 2187 6.91×10-5 1.13×10-2 
2257 1.64×107 132I 2249.1 3.36×10-4 1.09×10-2 
2324 1.07×106     
2380 1.00×107 132I 2390.48 1.88×10-3 1.00×10-2 









2642 8.61×105 132I 2653.8 9.87×10-6 8.57×10-3 
2745 2.21×105 132I 2757.8 1.28×10-5 8.06×10-3 
2887 4.85×105 140La 2899.61 6.68×10-4 7.41×10-3 
2994 1.04×105 
 
    
 
The water case is more challenging not only due to the increased Compton 
scattering interactions, but also the poor statistics as shown in Figure 5.5.  However, even 
with these challenges, SmartID was successful in identifying 20 peaks and attributing 
them to the greatest gamma emitters for spent nuclear fuel.  Fission products often have 
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many gamma emissions within the energy window SmartID uses to determine whether or 
not a peak is correlated to an emission.  This causes complications when a single peak 
may be correlated to many different emissions.  This can be mitigated by narrowing the 
energy window; however, careful attention to the energy and FWHM calibration is 
important for proper identification.  The energy window was minimized to 0.05% for the 
simulation spectra since I know the exact energy calibration.  Figure 4.8 shows the peaks 
identified, and Table 4.4 shows which peaks were contributed to the nuclides included in 
the MCNP simulation.   
 
 
Figure 4.8: Peaks identified from a NaI(Tl) spectrum measuring 319 gamma emissions 

































    
413 8.70×107 99Mo 411.49 1.46×10-4 2.16×10-1 

































769 2.89×107 132I 771.7 1.97×10-4 6.41×10-2 














1274 5.01×107 132I 1272.8 1.68×10-3 2.61×10-2 
1336 3.71×107     









1519 5.84×107 132I 1519.6 7.90×10-4 1.96×10-2 
1601 3.08×108 140La 1596.21 9.54×10-1 1.83×10-2 
1695 1.56×107     
2015 7.15×106     
2156 6.96×106     
2354 5.66×105 140La 2347.88 8.49×10-3 1.03×10-2 


















2691 7.17×105 132I 2690.8 9.87×10-6 8.38×10-3 
2884 4.80×105 close to 
140
La 
2899.61 6.68×10-4 7.41×10-3 
2994 7.08×104 
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4.3.2.  130 Emissions from 10 Isotopes Case 
The simulated spectra for the 319 and 130 gamma emissions cases are similar, but 
more differentiation is seen between energy peaks for the 130 emissions case.  Table 4.5 
lists the nuclides considered in this case.  Figure 4.9 shows the comparison between the 
water and air case spectra for the 130 gamma emissions.  More differentiation is observed 
in the higher energy ranges.  This should help show that the nuclides matched to the 
peaks found in this region are correctly identified.   
 
Table 4.5: 10 gamma emitting isotopes from PWR fuel assembly burned to 33,000 
MWD 1 day since removal from reactor. 
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Figure 4.9: MCNP simulated spectra for 130 gamma emissions from spent fuel in both 
air and water.  The spectrum in air is shown in blue and the spectrum in water is shown in 
pink.  Emissions are depicted by the vertical lines. 
 
The 1 sigma errors in Figure 4.10 for the 130 gamma emissions in water spectrum 




Figure 4.10: MCNP 1 sigma errors for 130 gamma emissions from spent fuel assembly 
gamma spectrum through water and air. 
 
Figure 4.11 shows the air case with 35 peaks identified after processing the 
spectrum with SmartID.  Table 4.6 lists the identified energy peaks and the attributed 
nuclides that were included in the MCNP models.  Many peaks appear listed without 
nuclide attribution.  This is due to the small energy window applied in order to determine 
that these peaks could be identified clearly.  I noted that the peaks attributed also tend to 
have the largest counts associated with them.  These are the most prominent peaks, and 
























Figure 4.11: Peaks identified from a NaI(Tl) spectrum measuring 130 gamma emissions 





























Table 4.6: Identified Peaks for the 10 nuclides in air included in the MCNP simulation. 
Identified 
Peak (keV) 





333 1.71E+09     
422 1.71E+09 
140
Ba 423.72 3.15E-02 2.05E-01 
459 4.02E+09     
476 9.15E+08 
134
Cs 475.35 1.46E-02 1.64E-01 
499 2.85E+10 
103
Ru 497.08 8.89E-01 1.49E-01 
543 5.38E+09     
596 3.27E+09     
644 7.96E+09     
686 3.73E+09     
742 1.59E+10 
97
Zr 743.36 9.31E-01 6.94E-02 
796 5.30E+09 
134
Cs 795.84 8.54E-01 5.99E-02 
839 1.91E+09     
874 1.22E+08     
917 1.99E+09 
140
La 919.55 2.66E-02 4.66E-02 
959 3.83E+08     
1014 1.25E+09     
1075 2.09E+08     
1131 3.29E+08     
1185 3.69E+08     
1248 1.69E+08     
1329 3.18E+08     
1391 5.90E+08     
1490 1.89E+08     
1592 6.08E+09 
140
La 1596.21 9.54E-01 1.83E-02 
1671 5.43E+08     
1845 1.61E+07     
2019 5.69E+06     
2163 6.21E+06     
2328 3.78E+07     
2403 6.77E+06     
2518 1.21E+08 
140
La 2521.4 3.46E-02 9.26E-03 
2602 6.80E+06     
2778 3.17E+05     
2898 1.83E+06 
140
La 2899.61 6.68E-04 7.41E-03 
2977 4.76E+04     
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 Figure 4.12 shows the details of the 35 peaks identified from the SmartID output 
file.  I know from Table 4.6 that 
140
La should be one of the highest scored isotopes, 
especially with its strong high energy gamma emissions.  This is validated by the peaks 
identified by SmartID.  I see many of the most prominent peaks match the emissions of 
this isotope, and the score summary in Figure 4.12 shows 
140
La as most likely.  Many 
isotopes other than those included are listed as highly correlated with this spectrum, but 
examining the SmartID performance further, I notice that much of the scoring can be due 
to a few of the peaks matching many different emissions.  As Table 4.6 highlighted, it is 
important to understand the emissions that are correlated to the most important isotopes 





Figure 4.12: Top scored nuclides identified for the 130 gamma emissions source in air 
from a PWR spent fuel assembly after 1 day from removal from the reactor core. 
 
Figure 4.13 shows the water case with 16 peaks identified.  As was the instance 
with 319 gamma emissions through water case, this case also suffered from significant 
MCNP errors.  However, even with these errors, SmartID is able to discern a number of 
emissions even when significantly fewer emissions are included in the 10 isotope case 
from the 15 isotope case.  Figure 4.14 lists the 16 peaks identified and their relative 




Figure 4.13: Peaks identified from a NaI(Tl) spectrum measuring 10 isotope emissions 
from a burned PWR fuel assembly in water. 
 
 
Figure 4.14: Peaks identified for the 130 gamma emissions source in water from a PWR 
spent fuel assembly after 1 day from removal from the reactor core. 
 
 



























    
817 1.88E+05 
140
La 815.77 2.33E-01 5.74E-02 
1104 2.12E+05 
140
La 1097.2 2.29E-04 3.38E-02 
1152 6.85E+04 
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1546 9.66E+04     
1595 1.35E+06 
140
La 1596.21 9.54E-01 1.83E-02 
1636 2.68E+05     
2019 1.07E+03     
2171 1.05E+04     
2249 2.08E+03     












2737 1.83E+03     
2895 1.33E+03 
140
La 2899.61 6.68E-04 7.41E-03 
2985 1.10E+02  
 
   
 
 It is misleading to look at the nuclides scored by SmartID in Figure 4.15 due to 
the low number of emissions identified; however, it is important to note that high emitters 
140
La, along with 
97
Zr are correctly identified.  When I decreased the number of emissions 





Zr are significant gamma emitters in the MeV range, and combining 
this along with poor MCNP errors, many of the lower energy gamma emissions are 
difficult to identify.  
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Figure 4.15: Top scored nuclides identified for the 130 gamma emissions source in water 
from a PWR spent fuel assembly after 1 day from removal from the reactor core. 
 
It may seem that SmartID is not performing well, but the algorithm is performing 
on a low resolution detector processing a complicated and spectra with statistical errors 
that are large.  This is important to know for real detection scenarios.  If a spectrum is 
collected with poor counting statistics, the user needs to understand how the algorithm 
performs and what information can still be gained for burnup analysis and calculations.  
The fact that SmartID can correctly attribute key spectral data in less than ideal situations 
is promising for real measurement applications.   
4.3.3. 1,024 Emissions from Major Contributing Nuclides Case 
 The final case I modeled in MCNP was a much more complex source in air.  
Since a true PWR fuel assembly burned at 33,000 MWD has over 3,000 emissions, I 
reduced my large model to include the top 76 emitting isotopes accounting for the top 
1,024 emissions.  Figure 4.16 shows the simulated spectrum from MCNP, and Figure 
4.17 shows the corresponding 1 sigma errors.  This spectrum was run for a total of 
2×1012 particle histories. 
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Figure 4.16: MCNP simulated spectrum of 1,024 gamma emissions for spent PWR fuel 
assembly in air. 
 
 
Figure 4.17: MCNP 1 sigma errors for 1,024 gamma emissions from a spent PWR fuel 
assembly gamma spectrum through water and air. 
 


















 Peaks were identified by SmartID for this case, and are shown by Figure 4.18.  
SmartID identified a total of 39 peaks, which is significantly less than the number of 
emissions included in the MCNP model.  However, even though SmartID subtracts out 
peak by peak to unveil hidden peaks, it is difficult to reveal every weak emission.  
Referring back to Figures 4.1, 4.2 and 4.3, I see that many of the weaker emissions are up 
to 4 orders of magnitude weaker than the strongest emissions.  When these weak 
emissions lie within a few keV or less to the strongest emissions, they are easily lost 
within the FWHM of surrounding peaks.  This should not be major issue, as long as I 
keep in mind what nuclides are responsible for the strongest emissions and where in the 
spectrum they occur in relation to other strong gamma emitting nuclides.  The most 
important understanding is that the major emissions are identified, and the attributed 
nuclides identified match the key nuclides included in the MCNP model. 
 
 
Figure 4.18: Peaks identified from a NaI(Tl) spectrum measuring 1,024 emissions from a 
burned PWR fuel assembly in air. 
 











The resulting nuclides identified are shown in Figure 4.19.  As evident previously, 
SmartID identifies other nuclides that are not present due to library aliasing, but it does 
identify the nuclides I expect to be characterized.  It performs well scoring the greatest 
gamma emitting nuclides present in the MCNP model relative to the weaker emission 
nuclides.  I included the shielding search option in post-processing this model, since the 
spent fuel assembly does not exactly match the air DRFs utilized in SmartID.  There will 
be a large contribution to how the spectrum is represented due to self-shielding from the 
rows of fuel pins in the fuel assembly.  Including this shielding search will help better 
account for these shielding effects.  The highest scored shielding scenario is 3 cm of lead 
shielding.  This is closely followed by 2 cm, 4 cm, and 5 cm thick lead shielding.  The 
score drops off after this point at 1 cm thick lead, and decreases as the shielding case 
decreases in thickness or is represented by iron.  I find this to be a good representation of 
the fuel assembly model since the shielding accounts for much of the source emitting in 
rows furthest from the detector being shielded by fuel pins in rows closest to the detector.  
The energy window considered for this first case was 2%.  Figure 4.19 shows a large list 
of potential nuclides present in the fuel assembly.  However, due to the limited number of 
peaks identified, I cannot have confidence that all are actually represented.  Since many 
of these nuclides have emissions falling within very close intervals, a smaller energy 
window is ideal.  I reprocessed the spectrum with an energy window of 1%.  Figure 4.20 
shows the resulting scored nuclides from this new scoring condition.   
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Figure 4.19: Nuclides identified for a PWR spent fuel assembly after 1 day from removal 




Figure 4.20: Nuclides identified for a PWR spent fuel assembly after 1 day from removal 
from the reactor core with a 1% energy window for peak attribution. 
 
 113 
 The number of nuclides scored drops dramatically from 209 to 61, and the order 
in which nuclides are scored changes when the energy window is decreased to 1%.  
Figure 4.19 showed a number of nuclides scored high which were not actually included 
in the MCNP model due to library aliasing.  Figure 4.20 shows a better representation of 
the original source definition.  The top three scored nuclides are actually present in the 
source definition, and have a relatively high contribution to the overall gamma emission 
profile.  
234
Pa, although highly scored, is falsely attributed due to double counting of 




I are also high gamma emitters included in 
the model, and properly identified.  
95
Nb is accurately identified for its 765.81 keV 
emission; however, the double counting of this same peak causes 
238
Pu to be inaccurately 




Sc are falsely identified.   
137
Cs is the scored nuclide along with 
137m
Ba, which is the daughter product of 
137
Cs.  Therefore, it is not actually a mistaken double counted emission since the 662 keV 
emission from 
137





Ag (ground state) is often mistakenly scored when 
137
Cs is shown to be 
present.  This is due to 
110
Ag also only having one gamma emission at 657.76 keV, which 
is very close to the 661.6 keV emission from 
137
Cs.  Figure 4.21 shows the details from 




Ag.  At 
this point, the uniquely attributable scoring begins to diminish, and remaining attributed 
emissions are double counted due to library aliasing.  Many of these lower scored 
nuclides were included in the original source definition; however, I find that I can’t show 
with enough certainty these nuclides are present due to the limited number of emissions 
identified. 
To gain a better understanding of how some of the key identifying nuclides are 





Figures 4.21 and 4.22 shows the emissions identified for these nuclides.  I see that 
SmartID is accurately attributing the key gamma emissions to 
140
La with respect to the 
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number of counts in the spectrum to the probability of decay and detectability of each 
emission.   
 
 




The emission attributed to 
137
Cs is very well matched to the peak identified, and 
the significant number of counts attributed to this peak matches what would be expected 
from a high activity nuclide with only a single emission.  As I previously stated, the 
additional nuclides attributed to this peak are most likely not present.  
110
Ag happens to 
also have a single gamma emission within the energy window of the identified peak, but 
this is a commonly misidentified nuclide.  
97
Nb has 2 emissions, but the only one that 










4.3.4. 12 Emissions in Water 
 In order to further prove that SmartID can correctly identify key identifying 
emissions for spent nuclear fuel, I developed a simplified, 12 emissions case to show 
have many, if all, could be identified and correlated to the correct nuclides.  Table 4.8 

































































I incorporated these emissions in the MCNP model which produced the spectrum 
shown by Figure 4.23.  I executed the MCNP models for enough particle histories 
(5×1011 histories) to reduce my average 1 sigma errors to less than 10%.  I then created a 
“.Spe” file from the resulting spectrum and post-processed with SmartID.  The red lines 
in Figure 4.23 show the identified peaks.  Rather than all 12 emissions identified, 
SmartID only extracted 7 peaks.   
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Figure 4.23: Simulated spectrum from 12 gamma emissions along with SmartID 
identified peaks. 
 
 I matched the identified peaks to the emissions included in the model.  I noted that 
each of the 7 peaks identified matched one of the 12 energy peaks modeled.  Table 4.9 



























    
511.86 
106
Rh Not matched  
604.72 
134
Cs 600 4.8016×103 
621.93 
106
Rh 624 1.8580×103 
652.9 
91
Sr Not matched  
661.66 
137
Cs 665 7.1746×102 
723.3 
154
Eu Not matched  
749.8 
91
Sr Not matched  
795.86 
134
Cs 789 4.8495×103 
1004.8 
154
Eu Not matched  
1024.3 
91
Sr 1022 2.4277×103 
1050.4 
106
Rh 1061 3.6683×102 
1274.4 
154
Eu 1271 7.8835×101 
    
 
I tried a variety of settings on the “smartid.inp” file to see if any significant 
changes in peak identification would take place.  I slowly increased the Chi-square 
threshold from 0.005 up to 0.995.  Once I had a Chi-square value of 0.9, an additional 
peak was identified at 820 keV.  This peak does not match any peaks introduced into the 
MCNP source definition in the model.  I investigated why this was occurring.  I noticed 
was that the non-matching peak existed to the right of a major peak.  It seemed that the 
entire Gaussian broadened peak was not subtracted out, leaving a false elevation in 
counts within the major peak’s FWHM, but when I increased the aliasing factor, this peak 
was still identified.  Therefore, something else was at play.  I compared the 1 sigma 
errors to the spectrum shape as energy increasing, and observed an interesting pattern.  
Looking at Figure 4.24, I see that the MCNP errors increase to a peak at approximately 
820 keV.  The spectrum shown is normalized to fit within the bounds of the plotted 
MCNP 1 sigma errors.  The increase in error at this energy possibly created a “false” 
peak which was not rejected during the smoothing process.  The chi-square test was not 
rigorous enough to reject this spectral change.  This shows the great importance of 
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implementing noise reduction.  Even in a simulated spectrum, where noise is reduced, 
even small modeling errors can play into how peaks are identified. 
 
 
Figure 4.24: The relationship between the Gaussian Energy Broadened spectrum 
produced through f8 tallies in MCNP for the 12 emissions case and the corresponding 1 
sigma errors. 
 
 This example identifies a key issue when simulating spectra rather than collecting 
real, known spectra in a spent fuel pool environment.  However, considering the 
limitations placed on this study, the peak identification performs very well.   The 
SmartID nuclide matching is not expected to be reliable for this case since I only chose to 
include a few emissions from nuclides that may have many additional characteristic 
gamma emissions.  However, even with this limiting condition, 
134
Cs was highly 




Ru, proving the robustness of the nuclide 



























I was identified as the second most likely nuclide present, but I easily 
determine this not to be the case, sine only 10 out of 145 emissions were matched.  
Additionally, when I look closer at the emissions matched, I see that these are also 
matched aliasing with other nuclides.  For example, the highly correlated 
134
Cs nuclide 
matches the 600 keV and 789 keV photopeak.  These same two emissions are matched in 
the 
132
I case.  Knowing that 
134
Cs is much more likely to be present, I can eliminate these 
peaks from the 
132
I attribution and see that many less emissions are matched.  This proves 
that although many nuclides emit a large number of emissions, only a few may be needed 
to provide attribution.   
I believe the matching of nuclides for the few emissions is even more impressive 
due to me keeping a large nuclide library available for matching.  I did condense the 
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library down from the many nuclides not associated with spent fuel or SNM, but I set my 
half-life option to seconds so that I would not be ruling out any fission products.   
4.4. Final Thoughts 
Overall, SmartID worked very well for the MCNP simulated spectra.  The most 
prominent peaks were correctly attributed to the most active fission products.  However, 
special attention to the fine details of how the emissions are attributed to an energy peak 
continues to be important for analysis of the burned fuel assembly.  The limiting factors 
of this technology are dependent on the detector specifications provided by the user.  It is 
imperative that energy calibrations are accurate, and the FWHM data is carefully 
measured.  Without proper calibration, many fission products could be mistakenly 
attributed. 
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5.1. Radiation Transport Methods 
Understanding how gamma rays emitted from a fuel assembly will interact with a 
highly collimated detector is important for predicting the composition of isotopes in that 
assembly from a spectrum collected by the detector.  The radiation transport equation 
carefully accounts for the various interactions that can take place in a system and is an 
important fundamental tool in determining the information available in the detector.  This 
equation for a time independent fixed source is shown by 
 
 
Ω̂ ⋅ 𝛻𝜓(𝑟, Ω̂, 𝐸) + 𝜎(𝑟, 𝐸)𝜓(𝑟, Ω̂, 𝐸) = 
∫ ∫ 𝑑𝐸′𝑑Ω′𝜎𝑠(𝑟, Ω̂
′ ⋅ Ω̂, 𝐸′ → 𝐸)𝜓(𝑟, Ω̂, 𝐸′)
4𝜋∀𝐸
+ 𝑞(𝑟, Ω̂, 𝐸), 
(5.1) 
 
where Ω̂ is the solid angle of particle direction, 𝑟 is the spatial coordinate of particle 
position, E is the particle’s energy, 𝜓(𝑟, Ω̂, 𝐸) is the angular particle flux, 𝜎(𝑟, 𝐸) is the 
total macroscopic cross section, 𝜎𝑠(𝑟, Ω̂
′ ⋅ Ω̂, 𝐸′ → 𝐸) is the macroscopic scattering cross 
section, and 𝑞(𝑟, Ω̂, 𝐸) is the fixed source term. 
5.1.1 Discrete Ordinates (SN) 
 Equation 5.1 can be solved by discretizing the variables for energy, angle, and 
space.  Energy is discretized by spectrally averaging over energy groups.  Energy groups 
are ordered from g=1 to g=G, where g=1 is the highest energies, and G represents the 
lowest.  The new multigroup transport equation is represented by  
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Ω̂ ⋅ 𝛻𝜓𝑔(𝑟, Ω̂) + 𝜎𝑔(𝑟)𝜓𝑔(𝑟, Ω̂)
= ∑ ∫ 𝑑Ω′𝜎𝑠,𝑔′→𝑔(𝑟, Ω̂




+ 𝑞𝑔(𝑟, Ω̂) 
(5.2) 
 
 Angle is discretized by μ, η, and ξ, which are the direction cosines along the x, y, 
and z axes [1].  In order to specify the direction Ω̂ of particle travel, two angles are 
required.  A set of direction cosines must satisfy the condition, 𝜇𝑛
2 + 𝜂𝑛
2 + 𝜉𝑛
2 = 1.  SN 
quadratures refer to quadratures in the 
𝑁
2
 positive μn.  The number or ordinates in a 
quadrant is given by 
𝑁(𝑁+2)
8
.  Figure 5.1 shows how these directions are discretized for an 
S6 level symmetric discrete ordinates set.   
 
 
Figure 5.1: S6 level symmetric discrete ordinates set. 
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 Finally, after applying energy, angle, and space discretization, the 3-D Cartesian 












) 𝜓𝑔(𝑥, 𝑦, 𝑧, 𝜇, 𝜑) + 𝜎𝑔(𝑥, 𝑦, 𝑧)𝜓𝑔(𝑥, 𝑦, 𝑧, 𝜇, 𝜑)














𝑘 (𝑥, 𝑦, 𝑧)sin (𝑘𝜙)]} + 𝑞𝑔(𝑟, Ω̂) 
(5.3) 
 
where the new term 𝑙 is the Legendre expansion index, 𝜎𝑠,𝑔′→𝑔,𝑙 is the l
th
 Legendre 
moment of the macroscopic differential scattering cross section, Pl is the l
th
 Legendre 
polynomial, 𝜙𝑔′,𝑙 is the l
th
 Legendre scalar flux moment for group g, 𝑃𝑙
𝑘(𝜇) is the lth kth 
associated Legendre polynomial, 𝜙𝑐 𝑔′,𝑙




 cosine associated Legendre scalar 
flux moment for group g, and 𝜙𝑠,𝑔′,𝑙




 sine associated Legendre scalar flux 
moment for group g [2]. 
Computational modeling is necessary for conducting these types of calculations 
and, in typical form, models look at how radiation emanating from a point will interact 
with surroundings.  This makes it difficult, however, to determine how source strengths 
and compositions will be computed in a detector if these source conditions change, 
because a new model will need to be developed and executed for each specified case.  
However, instead of creating multiple forward transport models of PWR fuel assemblies 
with various source strengths and radionuclide compositions, only one adjoint transport 
model needs to be created to show how gamma radiation originating in the fuel pins 
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interacts with a NaI detector at a 40 cm distance away.  The adjoint transport equation 
essentially reverses the forward transport equation.  Instead of a radiation source term, q, 
the detector’s absorption cross section is treated as the “source,” and the streaming 
direction is reversed along with the energy group structure.  Instead of the flux variable, 
φ, a new variable called the adjoint importance, φ⁺, is introduced.  Unlike flux, the 
adjoint importance does not have units; instead, it is a measure of how likely a particle 
located at any location distal from the detector is to create an event in the detector.  
Determining the adjoint importances at all locations around a detector in one transport 
model is a very powerful tool.  The code system, PENTRAN, has this capability and was 
chosen to calculate these adjoint importances. 
5.1.2  PENTRAN 
The PENTRAN code system, developed by Sjoden and Haghighat, can be used 
for 3-D multigroup forward or adjoint discrete ordinates (Sn) simulations.  The Sn method 
is a deterministic approach that discretizes the angular, energy, and physical spatial 
variables into a finite number of discrete angular ordinates, energy groups, and spatial 
grids over the entire phase space system. The PENTRAN system is actually a suite of 
codes that allows one to readily generate mesh geometries, solve 3-D transport models, 
and automatically collates parallel data.  PENTRAN is a multi-group, anisotropic Sn code 
for 3-D Cartesian geometries; it has been specifically designed for distributed memory, 
scalable parallel computer architectures using the Message Passing Interface library 
[3].  Automatic domain decomposition of the phase space among the angular, energy, and 
spatial variables with an adaptive differencing algorithm and other numerical 
enhancements make PENTRAN an extremely robust solver with a 0.996 parallel code 
fraction (based on Amdahl’s law). Numerous simulations have been performed using the 
PENTRAN code system, including many international benchmark computations [3,4]. 
The many advanced numerical features in PENTRAN, including adaptive differencing 
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with a two-level parallel angular memory structure in a scalable architecture, are well-
suited for deterministic work in this research. 
5.1.3  Application of Adjoint 
As previously mentioned, the adjoint efficiencies calculated in the PENTRAN 
models can be used to estimate the forward source strength of the fission products and 
actinides in the PWR fuel assembly.  The forward and adjoint detector response rates are 
derived from the forward transport equation which was given by equation 5.1.  The 
forward transport equation is written in operator form as 
 
 𝐻𝜑 = 𝑞𝑓𝑤𝑑 
𝜑 = 0 𝑜𝑛 𝑑𝑉, ?̂? ∙ ?̂? < 0 
(5.4) 
 
where H is the forward operator, 𝜑 is the angular flux variable, 𝑞𝑓𝑤𝑑 is the forward 




) , ?̂? is the outward normal, and dV is the surface of the spatial 
domain, V, so that the boundary condition represents a vacuum boundary meeting the 
condition that no particles enter the region. The forward operator is given by 
 
 






The operator is non-self-adjoint, therefore the adjoint operator must be solved for.  In 
order to do so, equation 5.5 must be multiplied by the adjoint variable 𝜑+, which is 




 𝐻+𝜑+ = 𝜎𝑑 





is the adjoint operator, 𝜑+ is the adjoint importance variable, 𝜎𝑑 is the detector 
cross section (cm
-1
), ?̂? is the outward normal, and dV is the surface of the spatial domain, 
V, so that the boundary condition represents a vacuum boundary condition in that no 
particles leave the region.  The adjoint operator is given by 
 





 The response of a detector with a total cross section, 𝜎𝑑, a volume, 𝑉𝑑, and scalar 
flux 𝜙(𝑟𝑑, 𝐸) can be determined by the reaction rate at 𝑟𝑑,  
 
 𝑅 = 𝑉𝑑 ∫ 𝑑𝐸𝜎𝑑(𝐸)𝜙(𝑟𝑑, 𝐸). (5.8) 
 
This reaction rate can be rewritten as 
 
 𝑅 = 〈𝜑𝜎𝑑〉, (5.9) 
 
and by applying the adjoint identity, the adjoint response is 
 
 𝑅 = 〈𝜑⁺𝑞𝑓𝑤𝑑〉. (5.10) 
 
The forward and adjoint calculations were computed using a finite 24-group 
energy structure and in space using a PENTRAN’s coarse mesh structure, therefore, the 




𝑅𝑓𝑤𝑑 = ∫ 𝜙(𝑥, 𝑦, 𝑧, 𝐸)𝜎𝑑(𝑥, 𝑦, 𝑧, 𝐸)𝑑𝑥𝑑𝑦𝑑𝑧𝑑𝐸
𝑉𝑑,∀𝐸








Where Rfwd is the forward response rate, 𝜙(𝑥, 𝑦, 𝑧, 𝐸) is the spatial energy dependent 




), 𝜎𝑑(𝑥, 𝑦, 𝑧, 𝐸) is the spatial energy dependent detector cross section 
(cm
-1
), (x,y,z) is the spatial location of the detector, 𝜙𝑔,𝑖 is the i
th
 cell scalar flux for group 
g,  𝜎𝑑 𝑔,𝑖 is the i
th
 cell detector cross section for group g(cm
-1





).  The adjoint response can be rewritten as 
 
 
𝑅𝑎𝑑𝑗 = ∫ 𝜙
+ (𝑥′, 𝑦′, 𝑧′, 𝐸)𝑞(𝑥′, 𝑦′, 𝑧′, 𝐸)𝑑𝑥′𝑑𝑦′𝑑𝑧′𝑑𝐸
𝑉𝑠,∀𝐸









where Radj is the adjoint response rate, 𝜙
+ (𝑥′, 𝑦′, 𝑧′, 𝐸) is the spatial energy dependent 




), 𝑞(𝑥′, 𝑦′, 𝑧′, 𝐸) is the spatial energy dependent source 
(n cm-3 s-1), (x’,y’,z’) is the spatial location of non-zero source cells, 𝜙𝑔,𝑖
+  is the i
th
 cell 
scalar adjoint function for detector d and group g,  𝑞𝑔,𝑖 is the i
th





), and ∆𝑉𝑖 is the i
th
 cell volume (cm
3
).   
The forward source can be solved for from equation 5.8 and used to determine the 
activity which then can be utilized to determine the number of particles from a specific 
nuclide present in the material.   
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 𝑅𝑎𝑑𝑗 = ∆𝑉1[𝑞1,1𝜙1,1
+ + 𝑞2,1𝜙2,1




+ + ⋯ + 𝑞𝐺,2𝜙𝐺,2
+ ]+. .. 
                            +∆𝑉𝐶𝑀[𝑞1,𝐶𝑀𝜙1,𝐶𝑀
+ + 𝑞2,𝐶𝑀𝜙2,𝐶𝑀




 The detector response can be grouped by energy if assuming a homogenous 
source across course meshes.   
 






5.2  Adjoint Models 
As discussed, adjoint efficiencies essentially show how important a particle 
originating at a location 𝑟 is to the detector response.  This information can be used to 
solve for the relative contribution of fission product gammas emitted from different areas 
of the fuel assembly.   Combining this information along with nuclide identification will 
provide the basis for estimating the relative concentrations of key radionuclides.  
SmartID will be updated to account for the specified geometry of a spent fuel pool NDA 
examination and correct for detector efficiencies along the energy spectrum in order to 
rapidly reveal a predicted fuel mass characterization.   A model of a NaI(Tl) detector, 
shown in Figure 5.2, “looking” at a spent fuel assembly underwater was created using the 
PENTRAN 3-D deterministic code to determine the adjoint efficiencies at all locations in 




Figure 5.2: 2-D top-down view PENTRAN model of NaI(Tl) detector underwater 
“looking” at a used fuel assembly. 
 
The energy groups were defined as a 24-group structure and the energy bounds 
are shown in Table 5.1.  This structure was designed for uranium and plutonium 
detection, and has performed well in previous research efforts [5, 6].  It is important to 
keep in mind that these are forward energy groups.  The adjoint groups will be numbered 
in reverse order.  From now on, I will refer to energy groups as either adjoint or forward 
























2 2749 14 1200 
3 2250 15 1180 
4 2210 16 1002 
5 1832 17 999 
6 1830 18 956 
7 1760 19 954 
8 1740 20 767 
9 1736 21 765 
10 1520 22 743 










Figure 5.2 shows an S90 calculation (8,280 directions per mesh) of the adjoint 
importances in the model depicted in Figure 5.2.  The model consisted of 85,165 fine 
meshes and ran on 112 processors with a maximum memory of 4,096 Mb for 
approximately 2 days.  A 1 mm diameter pinhole with a length of 10 cm collimates the 
very high activity fuel assembly to prevent oversaturation of the detector, but this 
collimation still allows the detector to interact with low energy gamma radiation emitted 
from the first few rows of pins in the assembly.  Upon closer examination of the location 
of the fuel assembly in Figure 5.3, the individual pins can still be distinguished, and 
gamma importances are only 4 to 5 orders of magnitude less than if they originated close 
to the detector for high energy gammas, and 5 to 6 orders of magnitude less for lower 
energy gammas.  It is important to note that Figure 5.3 depicts each energy group with a 
different adjoint importance scaling in order to show in more detail how the importances 
change with location.  Figure 5.4 was added to show a better representation of how the 
importances relate to gamma energy.  The strongest gammas also show the highest 
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importances across the entire system.  It will be important to identify a key region in the 
fuel, consistent with what can be seen at the lowest energy ranges, in order to properly 
compare nuclide content ratios and mass. 
 
 
Figure 5.3: S90 adjoint importances mapped for 6 out of 24 adjoint energy groups.  Each 
group is scaled individually for better visualization. 
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Figure 5.4:  S90 adjoint importances mapped for 6 out of 24 adjoint energy groups.  
Scaling is equal across all groups. 
 




5.3  Forward Models 
 To gain a better understanding of how the gamma emissions interact near the fuel 
and behave near the detector, I created 2-D forward transport models in PENTRAN.  The 
model geometry is identical to the adjoint model case, but instead of using the detector 
absorption cross section as the source, I developed a simple source based on a 
Westinghouse 17x17 PWR fuel assembly burned in a reactor and cooled for 
approximately 1 day.  The energy group structure remains identical to adjoint energy 
structure; however, the group ordering is reversed.  Figure 5.5 shows the normalized 
forward source used in the model calculations.   
 
  
Figure 5.5: Normalized forward source by energy group. 
 
Figure 5.6 shows the flux profiles for six different forward energy groups.  Notice 
that forward group 1 has the same energy range as adjoint group 24; forward group 5 has 
the same energy range as adjoint group 20, with this pattern continuing through all 
groups.   





















 Instead of showing how likely a particle within a certain energy range will 
interact with the detector, the forward flux gives an idea of the quantity of particles 
within an energy range that will show up in the detector for a single source composition.  
These flux profiles will vary with each change in the spent fuel assembly investigated 






Figure 5.6: S90 forward flux mapped for 6 out of 24 forward energy groups.  Each group 
is scaled individually for better visualization. 
 
 Forward transport models show how much gamma flux is reaching the detector 
from a full 2-D slice of a PWR fuel assembly.  Figure 4.6 gives a better understanding 
how the source behaves.  Even though it is expected that high energy gammas will 
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interact with the detector much more frequently, much of the spent fuel assembly’s 
gamma emissions originate in energies less than 1.5 MeV. 
 
 
Figure 5.6: S90 forward importances mapped for 6 out of 24 adjoint energy groups.  
Scaling is equal across all groups. 
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 My models also do not show observable ray effects indicating my angular 
quadrature and fine mesh structure was well suited for the deterministic transport 
calculations.  The ray effect phenomenon refers to unphysical oscillations in the solution 
[1].  The small ratio of the scattering cross section to the total cross section, and small 
dimensions of the model make it possible that a particle will pass through boundaries 
without scattering.  This inaccurately peaks the distribution.  Photon transport suffers 
most from this phenomenon since these particles are highly anisotropic and do not have 
many significant scattering interactions with materials such as air.  These effects can be 
mitigated by increasing the quadrature and decreasing the mesh size.  However, 
determining the proper quadrature and corresponding mesh structure is not a straight 
forward task, since increasing quadrature and meshes can significantly increase necessary 
computational resources, but it becomes more intuitive the more one becomes familiar 
with modeling.  For my models, I needed at least an S90 quadrature to achieve good 
results.  This quadrature represents a total of 8,280 directions per mesh or 1,035 
directions per octant.  My forward and adjoint models had 85,165 fine meshes and ran on 
112 processors each with a maximum memory of 4,096 Mb for approximately 2 days.   
Additionally, the models can be determined to show good convergence if both the 
detector responses for the adjoint and forwards cases match.  I computed the detector 
response from both the adjoint case and forward case to determine if my models showed 
good convergence.  The adjoint detector response was calculated from the importances 
located in the fuel from Equation 5.12.  Rather than a coarse mesh basis, the volumes 
were computed per fine mesh, along with the corresponding importances.  The total 
adjoint detector response was calculated to be 1.56×1011 counts per second.  In a similar 
manner, the forward detector response was computed from Equation 5.11 using a fine 
mesh basis.  The forward detector response was determined to be 1.78×1011 counts per 
second.  Comparing the detector response between the forward and adjoint cases, I found 
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that the relative difference was 13.2%.  This is corresponds to reasonable model 
convergence, considering the nature of photon transport.   
5.4.  SmartID with Adjoint Coupling 
 As noted earlier in this chapter, the adjoint importances for a PWR assembly in 
water will be coupled to the detector response for radionuclide characterization efforts in 
SmartID.  Individual gamma energy peaks and the corresponding number of counts per 
second for each peak are identified by the SmartID algorithm.  These values are 
essentially the forward detector response for a given gamma energy; therefore, since the 
adjoint equation is linear, I can use superposition to match the adjoint importances at an 
identified gamma energy to solve for the source strength of the corresponding 
radionuclide.   
5.4.1.  Individual Pin Adjoint Importances 
 Before I can examine a real or simulated spectrum of a fuel assembly, I must 
determine how best to utilize the adjoint importances computed.  The adjoint importance 
information can be extracted from the PENTRAN outputs either by a coarse mesh or fine 
mesh basis.  Due to the nature of how the importance significantly decreases moving 
further away from the detector and into the fuel, the fine mesh data is the most beneficial 
value to operate with.  From this data, I created a program to read in the fine mesh 
information and extract the data from only the fuel pins in order to compute the average 
adjoint importance per pin.  Figure 5.8 shows how I labeled each pin with respect to row 
and location within the row.  For example the pin located at the far right of the front row 
facing the detector is labeled (1,1) for row 1, pin position 1.  Each individual pin’s adjoint 















+  is the adjoint importance for an individual pin at location (i, j), 𝜑𝑘
+ is the 
adjoint importance computed by PENTRAN for a fine mesh location within the pin of 
interest, and 𝑉𝑘 is the volume of the fine mesh within the pin of interest. 
 
 
Figure 5.8: Fuel assembly pin numbering system.  The front face of the detector will be 
located to the right of the fuel assembly such that the first row is the row of pins closest 
to the detector. 
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 The adjoint importances drop off significantly moving further away from the 
detector.  Figure 5.9 shows how the importances change with distance along the front 
face of the fuel assembly, and it also shows how the adjoint falls as you move row by row 
away from the detector.  The x-axis values represent the pin position across the side of 
the assembly facing the detector, while each linked group represents importances from a 
different row.  The lines linking each marker do not represent adjoint importances; they 
are only in place to see individual rows of pins more clearly.  The locations of 
discontinuity represent a control rod location.  It is also important to note that this figure 




Figure 5.9: Adjoint importance values across the fuel assembly for forward energy group 
23 (0.3 – 0.741MeV). 
 
 In order to achieve the best estimate for the true number of gammas emitted from 
each fuel pin, I only considered the most important pins - those with the greatest adjoint 
importances.  I identified how many pins would be necessary to achieve 90%, 95%, and 



















their corresponding gamma lines, along with the adjoint importances seen in the energy 
groups for the fuel assembly. 
 











































































 9.07e5 1.8e6 













 2.14e9 2.5e10 









 4.36e4 4.36e4 

















 3.89e8 2.79e10 









 3.24e9 6.48e9 









 6.96e7 2.39e9 









 7.14e7 1.09e8 













 8.13e7 1.99e9 









 3.74e6 5.13e7 
 143 






























 3.13e7 5.44e8 















 4.60e7 2.59e9 









 7.24e6 5.14e7 













 2.43e8 5.13e10 









 6.76e6 2.69e7 









 1.61e7 2.05e8 









 6.67e6 3.68e8 









 1.40e7 2.79e7 









 9.56e6 4.55e8 









 1.71e6 4.37e7 









 5.44e6 1.86e9 














Recalling that the adjoint importances relate the counts seen in the detector to the 
source strength, I determined how the count rate seen in the detector is attributed to each 
pin.  I determined that for adjoint energy group 2 (0.3 MeV to 0.741 MeV), the front 
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center pin (1,9) contributes 21.29% of the count rate in the detector for a gamma energy 
of 662 keV.  The per pin contribution to the detector response drops off significantly 
moving away from the front center pin.   
For forward energy group 16, 0.999 MeV to 1.002 MeV, the importances peak at 
the central fuel pins, but moving further back in the rows, the importances increase 
towards the outer pins.  This is due to the effects of distance and self-shielding.  It is of 
interest that as the gamma energies increase, the adjoint importances seem to flatten 
across the pin rows.  This results in each pin having less of an individual direct effect on 
the detector response and more of equal effect as its neighboring pins causing an increase 
in the total number of pins to account for approximately 90% or so of the detector count 
rate.  Figures 5.10, 5.11 and 5.12 show the adjoint importances per pin for adjoint energy 
groups 6, 14, and 23.  These groups were selected due to key isotope emissions falling 
within these groups as shown in Table 5.2.  Appendix E shows the adjoint importance per 
pin mapping for all 24 energy groups. 
  
 
Figure 5.10: Adjoint group 6 (0.767- 0.954 MeV) adjoint importances per fuel pin in a 





















Figure 5.11: Adjoint group 14 (1.26- 1.5 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
  
Figure 5.12: Adjoint group 23 (2.25- 2.75 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 Noting that the importance of a pin can change dramatically moving through the 
assembly, I inferred that the majority of the counts seen in the detector originated from 




































importance that would only consider the fuel pins that contribute to 90%, 95%, and 99% 
of the counts seen in the detector.  I then averaged the importance across these pins in 
order to estimate an adjoint group importance relating the detector to the entire fuel 
assembly.  I plotted these averages at the central energy value for each energy group, and 
saw that there was a strong relationship between importance and energy.  I then applied 
adjoint importances to determine an empirical correlation for each case in order to best 
predict the importance of every possible gamma energy, and plotted these correlations 
along with the averaged importances in Figure 5.13.  I noticed that for each fuel pin 
contribution case, there is a noticeable change in the relationship between energy and 
importance that occurs approximately between 1 MeV and 1.1 MeV.  This is due to the 
different physical effects taking place at this energy range.  As described in Chapter 2, 
incident gamma energies 1.02 MeV and greater can undergo pair production resulting in 
additional gamma energy peaks, including a peak at 0.511 MeV due to annihilation, a 






Figure 5.13:  Average adjoint importances plotted at the center of each energy group for 
90%, 95%, and 99% of the total counts in the detector.  The best fit correlation is also 
shown for each case. 
 
The adjoint importance predicted for the number of pins contributing to 90% of 
the counts seen in the detector is given by  
 
𝐼𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑐𝑒 = {
2.8228 × 10−7𝐸5.91, 𝐸 < 1.095
8.1077 × 10−6 − 1.7859 × 10−5𝐸 +
1.1867 × 10−5𝐸2 − 1.7594 × 10−6𝐸3,                  𝐸 ≥ 1.095
 (5.16) 
 
where E is the gamma energy in MeV.  This correlation has an r
2
 value of 0.982 for 
𝐸 < 1.095 MeV, and an r2 value of 0.995 for 𝐸 ≥ 1.0951 MeV.   




























2.2194 × 10−7𝐸5.76, 𝐸 < 1.095
6.9956 × 10−6 − 1.5362 × 10−5𝐸 +





 has a value of 0.979 for 𝐸 < 1.095 MeV, and 0.995 for  𝐸 ≥ 1.0951 MeV.  
Lastly, the correlation for 99% of the counts in the detector is given by 
 
𝐼𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑐𝑒 = {
1.5792 × 10−7𝐸6.186, 𝐸 < 1.095
5.6992 × 10−6 − 1.2407 × 10−5𝐸 +





 has a value of 0.970 for 𝐸 < 1.095 MeV, and 0.996 for 𝐸 ≥ 1.0951 MeV.   
 I also found it necessary to plot the number of pins represented by 90%, 95%, and 
99% of the counts.  Figure 5.14 shows this relationship.  
 
 
Figure 5.14: Number of pins plotted at the center of each energy group for 90%, 95%, 
and 99% of the total counts in the detector.  The best fit correlation is also shown for each 
case. 

























 Again, the correlation for each case changes at approximately 1.02 MeV.  These 
correlations will be utilized along with the information gathered by SmartID to best 
predict where the counts in the detector are originating from and how this relates to the 
entire fuel assembly.  Each correlation for predicting the number of pins is very well fit 
with r
2
 values all greater than 0.9975. 
The number of pins predicted to account for 90% of the counts seen in the 
detector is given by  
 
𝑃𝑖𝑛𝑠 = {
−8.1792 + 44.0168𝐸 + 137.2431𝐸2 − 68.9146𝐸3, 𝐸 < 1.095
−35.9819 + 227.5443𝐸 − 109.9411𝐸2 +
24.4343𝐸3 − 2.0076𝐸4,                  𝐸 ≥ 1.095
 (5.19) 
 
where E is the gamma energy in MeV.  This correlation has an r
2
 value of 0.9975 for 
𝐸 < 1.095 MeV, and an r2 value of 0.9987 for 𝐸 ≥ 1.0951 MeV.  The correlation for 
95% of the counts in the detector is given by 
 
𝑃𝑖𝑛𝑠 = {
−13.1542 + 69.7568𝐸 + 218.4472𝐸2 − 135.025𝐸3, 𝐸 < 1.095
−1.804 + 223.973𝐸 − 117.3454𝐸2 +





 has a value of 0.999 for 𝐸 < 1.095 MeV, and 0.9995 for 𝐸 ≥ 1.0951 MeV.  
Lastly, the correlation for 99% of the counts in the detector is given by 
 
𝑃𝑖𝑛𝑠 = {
−54.7303 + 387.0015𝐸 + 45.7433𝐸2 − 81.4123𝐸3, 𝐸 < 1.095
−51.7545 + 279.9656𝐸 − 169.2952𝐸2 +






 has a value of 0.9999 for 𝐸 < 1.095 MeV, and 0.9992 for 𝐸 ≥ 1.0951 MeV.   
 Remembering that the adjoint importance essentially shows how likely a particle 
with energy, E, will interact with the detector, I can apply the adjoint importance to 
determine the decay activity for an emission for a given nuclide.  Activity is defined by, 
 





where A is the activity in units of number of decays per second, λ is the probability of 
decay for a given nuclide, N is the number of particles of the given nuclide, R is the 
detector response in units of counts per second, and 𝜙+  is the adjoint importance.  From 













As previously mentioned, in order to solve for the number of particles for a given 
nuclide, the detector response must be known.  This can be determined from actual 
detector measurements.  The response is essentially the number of counts per second in 
the detector divided by some intrinsic efficiency relating to the electronics of the system.  







again noting that εelectronics can be ignored in computational modeling.  It is important to 
point out that nuclides often do not produce gamma emissions at the same rate as their 
rate of decay.  In order to account for an individual gamma emissions relationship to the 
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nuclide’s activity, a branching ratio, BR, is applied.  Incorporating this into Equation 5.15 







This equation shows the basis of how I will determine nuclide activity from the peaks 
identified by SmartID.   
In order to compute an estimate for the amount of a given isotope present in the 
fuel assembly, I will refer to equation 5.25.  For each case (90%, 95%, and 99%), I 
assume these are accounting for the entire signal seen in the detector.  Since the adjoint 
values are an average across a determined number of pins, I must scale to the entire fuel 











where A is the activity of the nuclide associated with the identified photopeak at an 
energy E, R is the detector response in terms of counts in the detector per second for the 
identified photopeak, BR is the branching ratio of the energy emission for the nuclide of 
interest at energy E, Navg is the number of pins correlated to E determined from equations 
5.18, 5.19, and 5.20, and 𝜙𝑎𝑣𝑔
+  is the average adjoint importance correlated to E 
determined by equations 5.15, 5.16, and 5.17. 
5.4.2.  SmartID procedure 
 Once I determined the appropriate adjoint efficiencies for mass evaluation, I 
developed and implemented a new procedure to add onto the SmartID post processing 
algorithm following the calculation of activity from Equation 5.26.  This addition gives 
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the user the option to estimate the amount of key radionuclides in a PWR assembly which 
then can lead to an estimate of burnup.  For the intentions of this dissertation, no other 
source configurations will be considered or included.  If there was further interest in 
alternate source geometries, such as a 14 x 14 assembly or 15 x15 assembly, additional 
computational models can be developed and added as long as the adjoint calculation 
work described earlier in the chapter is repeated for the new geometry.  Therefore, this 
work could be greatly expanded for various PWR fuel assembly configurations and BWR 
fuel assemblies along with other unique and complicated sources. 
  I incorporated all of the relevant information computed and needed in order to 
calculate an estimate of the source activity by creating a Fortran code to process the 
SmartID output file and the “.Spe” file for mass estimation.  This program pulls the peak 
and count information from the output file and the time of measurement from the “.Spe” 
file and uses that information along with the calculated adjoint importances to produce a 
separate output file for radionuclide mass estimates. 
 The flow of the program is illustrated by Figure 5.15.  The output from the 
program for the 
137
Cs case is shown in Figure 5.16.  The source code showing how the 









In order to determine whether or not, my methodology for estimating the source 
strength from a fuel assembly is acceptable, I created a test problem.  I created an MCNP 
model for a Westinghouse PWR assembly and only included the source for the 662 keV 
gamma emissions from 
137
Cs for an overall modeled activity of 1.06 ×105 Ci.  Figure 
5.16 shows a cross section view of this model.  The distances from the detector and fuel 
assembly are consistent with the PENTRAN models; however, as was done with the 











and number of pins 
  
From determined 
importance, # of pins, 
and branching ratio 











to decrease computational errors.  I used an f8 pulse height tally along with the Gaussian 




Figure 5.16: Cross section of MCNP model for 
137
Cs spectrum simulation. 
 
 The resulting MCNP spectrum is shown by Figure 5.17.  Since the source nuclide 
is known, and there are no additional nuclides present, the detector response can be 
determined without running SmartID.  The response is the number of counts per second 
under the 662 keV gamma peak.  After gaining this information, it is relatively easy to 
determine the source strength from the adjoint activity equation 5.21.  In this case, only 
the adjoint importances from forward energy group 23 will be utilized.  
 This example is complicated when multiple gamma energies or radionuclides are 
introduced into the source, but the same procedure can be applied.  Instead of counting 
the counts per second under a known peak, SmartID can be utilized to pull out the 
individual gamma peaks; therefore, the individual detector responses for all gamma 




Figure 5.17: Identified peaks for MCNP simulated 
137
Cs spectrum in water. 
 
 Looking at a SmartID output before a mass estimate component was added shows 
identified peak and the corresponding counts Figure 5.18 shows the top portion of an 
output from a strong 
137
Cs source through water.  The gamma peak at 657.00 keV was 
correctly identified as the 662 keV peak characteristic of 
137
Cs.  The output file also 
shows 4.3004 × 102 counts are attributed to this energy peak.  It is from these counts that 
adjoint importances will be applied to quantitatively predict the amount of radionuclide 
identified. 
 110m
Ag is also identified as a possible nuclide, but I can easily rule this out as a 
possibility.  The scoring is significantly less and only one out of 15 emissions for 
110m
Ag 
fits within the window of attribution for the identified peak.  I also employed the 
shielding search option to see if SmartID would correctly identify my shielding case.  It 
identified no shielding as the most probable scenario, which is the correct shielding 
configuration.  The resulting activity computed from this identified emission is listed in 
Figure 4.19. 
 











Figure 5.18: SmartID output for a 
137
Cs spectrum in water. 
 
 
Figure 5.19: Estimated activities for SmartID scored nuclides from a 
137




 The resulting activity calculation shows a larger activity than what was 
implemented in the MCNP model and “.Spe” spectrum file.  As I previously mentioned, 
the modeled activity for the assembly was 1.06 × 105 Ci.  This is due to the increased 
detector field of view needed in order to minimize errors in the MCNP modeling.  For a 
more highly collimated scenario, the “.Spe” file will show an overall decrease in count 
rate, which would result in a decrease in the computed activity.  Even with this slight 
geometry modification, I can determine that I am achieving a significant result.  The 
highly collimated models essentially showed that for a low energy emission, the front 
center pin would be the most dominant source seen by the detector.  Since this is a low 
energy emission, I still would not expect to see very far into the assembly, but I would 
expect to have an increased count rate from the front row of pins.  Referring back to 
Figure 5.15, the detector face is open and shows about 3-5 pins directly facing the 
detector.  The percent difference between the modeled activity (1.06 × 105 Ci) and the 
calculated activity (6.82 × 105 Ci) is 146%, and the percent difference between the 1mm 
pinhole collimation and front face of the detector is 199%.  This further shows that the 
greatest contributing factor to this activity calculation for the low energy emission is due 
to a much increased view of the assembly.  To further test this, I applied the same 
methodology to a model with multiple emissions, including a strong emission from 
106
Rh 




SmartID was successful in identifying peaks for 
106
Rh as shown by Figure 5.20.  
The counts and counting times were scaled accordingly to the emission rate and number 
of particle histories conducted for the “.Spe” file needed by SmartID to account for a total 




Figure 5.20. Identified peaks for MCNP simulated 
106
Rh spectrum in water. 
 
Figure 5.21 shows the counts associated with the peaks SmartID identified, and 
accurately determined that this model most likely did not include shielding.  Since this 
was a simulated spectrum, I was able to score nuclides within a tight 1% energy window.  




Ru as the most likely nuclides present.   










Figure 5.21: Peaks identified by SmartID for the 
106
Ru test case. 
 




Ru is identified with about 
equal probability.  This is not a mistake in the code, or error by SmartID’s nuclide 
attribution.  
106




Ru actually does not emit 
gamma emissions, rather 
106
Rh emits gammas.  These two nuclides are said to be in 
secular equilibrium, meaning that the daughter product’s half-life is much smaller than 
the parent’s.  Therefore, a sign of 
106
Rh can be directly attributed to 
106
Ru.  Figure 5.22 
shows the emissions identified and attributed to these nuclides.  It is shown that the 
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SmartID library includes some key gamma emissions from 
106
Rh as identifying emissions 
for 
106
Ru.   
 
 
Figure 5.22: Details of the 
106
Ru test case emissions identified. 
 
 Once I had the output file from SmartID, I was able to run the results through my 
new code for activity calculation.  Figure 5.23 highlights the calculated activity for 
identified 
106
Ru emissions.  I know from my peak analysis that this is in fact the nuclide 
that can be attributed to the identified emission, and this is the activity I can refer to.   
 
 
Figure 5.23: Activity estimate for 
106
Ru test case by employing the adjoint methodology 
discussed in this chapter. 
 
I averaged the computed activities across all identified emissions to determine an 
overall activity attributed to this nuclide.  The resulting activity is 6.84 × 105 Ci.  
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Knowing that for 33 GWD/MTU burned fuel I should see an activity of 6.121 × 105 Ci, I 
see that my results come much closer than for the 
137
Cs case.  This is due to the addition 
of emissions with increased energy from the 
137
Cs case.  These emissions are more 
penetrating so an increase in the field of view does not have as great of an effect as it did 
for the lower energy emission case.  The computed activity is only 11% different from 
the modeled activity.  This is also within the error I calculated (13.2%) and showed for 




 The last fission product that relates well to burnup I modeled was 
134
Cs.  Figure 




Figure 5.24. Identified peaks for MCNP simulated 
134
Cs spectrum in water. 
 




Rh examples, employing the shielding 
search option correctly showed that no additional shielding was introduced into the 










models.  Figure 5.25 shows the peaks identified and the corresponding scored nuclides.  
134
Cs is scored substantially higher than any other nuclide, clearly indicating its presence.  
The other nuclides scored are determined not to be present due to their lack of many key 





Figure 5.25. Peaks identified by SmartID for the 
134
Cs test case. 
 
 Upon further inspection of the 
134
Cs emissions identified, I discover that all 
emissions other than the emission with the lowest probability of decay are attributed.  
The additional peaks identified but not attributed can be explained by the MCNP 
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simulation errors.  When employing the GEB card for an f8 tally, the pulse heights 
computed on the high energy side of the Gaussian curve increase substantially in error.  
I’ve noticed that the pulse heights are usually skewed higher than what is expected from a 
true Gaussian, therefore, when SmartID subtracts out the computed attributed counts 
from the peak, many are left behind to the right side of the peak. These remainder counts 
are falsely identified as an additional peak, and can distort the lower energy counts in the 
spectrum.  This can be mitigated by increasing the FWHM values in the “FWHM.txt” file 
for SmartID, but even with this correction, poor errors from MCNP have a noticeable 
effect on peak identification. 
 
 
Figure 5.26. Details of the 
134
Cs test case emissions identified. 
 
 Once again, I ran the results from SmartID through my adjoint activity calculator.  
Figure 5.27 shows the resulting emission activities.   
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Figure 5.27. Activity estimate for 
134
Cs test case by employing the adjoint methodology 
discussed in this chapter. 
 
Again, I averaged these values and achieve an overall activity attribution to 
134
Cs 
to be 1.0 × 105 Ci.  This result is only 33% less than the modeled activity of 1.51 × 105 
Ci.  This decreased activity could be due to the false attribution of a peak at 853 keV.  
This would cause counts to be subtracted from other real peaks that ordinarily should not 
have been subtracted. Even though this is the case, I find that I am still remaining 
relatively close to the desired activity. 
5.4.3.  Fuel Pin Diversions 
 Identifying possible fuel pin diversions is a major concern for safeguards.  
Typically, detecting diversions from passive gamma spectroscopy techniques is a nearly 
impossible feat, but if the concept of adjoint transport is considered, possible applications 
could exist to help flag a missing fuel pin.  Referring back to earlier in the chapter, it was 
shown that as the detector faces one side of the fuel assembly it only effectively “sees” 
gamma emissions from a limited number of fuel pins.  For example, if the overall count 
 165 
rate between energies 0.3 MeV and 0.741 MeV is lower than expected by approximately 
21.3%, then it is likely a pin is missing from pin position (1,9) in relation to the detector 
face.  However, if the pin missing in a row further back, higher energy emissions must be 
considered.  Table 5.3 shows the relative effect on the count rate in the detector 
positioned at every side face of the fuel assembly if a fuel pin is diverted from either 
location (6,5) or (4,11).  The pin positions refer to the positions defined by Figure 5.28. 
 
Table 5.3: Change in count rate due to fuel pin removal. 
Pin location (6,5) Pin location (4,11)  
Adjoint 
Group 























Left -0.0 -0.01 -0.05 -0.06 -0.09 -0.0 -0.01 -0.02 -0.03 -0.04 

























Figure 5.28: Fuel pin locations selected for diversion analysis. 
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The very small changes in count rate due to the diversion of pins located within 
the fuel assembly poses an issue when trying to detect this diversion using passive 
gamma techniques.  The errors in counting are often larger than these changes can show. 
The detector’s view of the individual fuel pins becomes less differentiated as the 
emissions increase in energy, allowing the detector to see almost equally further into the 
assembly.  This can still make it difficult to identify if and where a pin diversion has 
taken place.  Most of the fuel pins only affect the overall count rate by a small fraction 
which may not be enough to determine a significant difference from the expected count 
rate.  Additionally, if the detector only views the fuel assembly from one side, a possible 
fuel diversion could appear as different burnup estimations.  In order to better examine 
the fuel assembly the count  rates must be measured from each side of the fuel assembly, 
and determined if there are any significant differentiations between sides. 
5.5  Fuel Burnup Analysis 
 It has long been known that the buildup of certain fission products in a fuel 
assembly over a reactor cycle can provide key identifying information for fuel burnup 
measurements and calculations.  The gamma ray activity from some of these fission 
products can give a direct quantitative measurement of the fuel burnup.  From my adjoint 
calculations, I have been able to determine a protocol for determining the activities of 
individual nuclides identified by SmartID.  This information can be directly applied to 
burnup estimation, but it is important to understand which nuclide activities are of most 
importance and which emissions should be selected for calculating activity. 
Since many of the isotopes identified have emissions falling within the same 
energy windows as other identified isotopes, only those most likely to be present with 
source strengths that would make their emissions identifiable will be considered for best 





Pu, and others are good indicators of the total number of fissions taking place.  
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U.  Some 
mass regions show a strong differentiation between yields from these two nuclides, while 
other mass regions show very similar yields.  This allows me to determine approximately 
the number of fissions resulting from 
239
Pu and the total number of fission taking place 




U.  I added vertical lines to 
Figure 5.29 to show where these regions occur.  For example, at atomic mass number 
106, there is a large difference between the fission yields, but at atomic mass number 
140, the yields are almost identical.  Table 5.3 identifies key nuclides in these atomic 
mass regions that have strong fission yields, and are also seen as strong gamma emitters.   
 
 







Table 5.4: Cumulative Thermal Fission Yields for strong gamma emitting nuclides in 
spent PWR fuel after 1 day since removal from reactor core [7].  
Nuclide Cumulative Thermal Fission Yield 
from 
235
U (% per fission) 
Cumulative Thermal Fission Yield 
from 
239
Pu (% per fission) 




5.82×10-2 +/- 5.95×10-4 2.48×10-2 +/- 4.968×10-4 
95




6.132 +/- 0.092 6.185 +/- 0.056 
106




















 Fuel assembly burnup can be calculated from the relationship between fission 
product activity and the fission yield for a given fission product.  Equation 5.22 shows 






= 𝜙𝑇̅̅ ̅̅ 𝛴𝑓̅̅ ̅𝑉𝐹𝑢𝑒𝑙𝑡 ∙ 200
𝑀𝑒𝑉
𝑓𝑖𝑠𝑠
∙ 6.022 × 10−13
𝐽
𝑀𝑒𝑉
= 𝑁𝑓𝑖𝑠𝑠 ∙ 200
𝑀𝑒𝑉
𝑓𝑖𝑠𝑠






where 𝜙𝑇̅̅ ̅̅  is the average thermal flux in the assembly, 𝛴𝑓̅̅ ̅ is the average macroscopic 
fission cross section in the fuel, 𝑉𝐹𝑢𝑒𝑙 is the volume of the fuel in the assembly, and 𝑁𝑓𝑖𝑠𝑠 
is the number of fissions that took place in the assembly.  𝑁𝑓𝑖𝑠𝑠 for a given isotope that 





  (5.28) 
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where A is the activity of the given nuclide, fyield is the fission yield for the given 
nuclide, and 𝜆 is the decay probability for the given nuclide. 





Cs, an estimate of the total fuel assembly burnup can be computed.  If the average 
thermal flux is known, or if the average power in the assembly during irradiation is 
known, then the time that the assembly was in the reactor can be predicted.  This 
information is useful for understanding whether the reactor operators are following their 
operating declarations.  For burnups less than 500 MWD/MTU, the plutonium content is 
considered to be weapons usable material.  It is important to be able to discern that this is 
not the case when the fuel is removed from the reactor core. 
From the gamma nuclide identification with SmartID, 
140
La is a suitable isotope 
for total fission determination; 
91







good indicators of plutonium fissions taking place in the reactor.  These isotopes can be 
used for a burnup estimate of the fuel assembly and will allow a prediction of the total 
amount of plutonium content in the fuel assembly.   
 Similar to the ORIGEN source modeling for the 33 GWD /MTU fuel assembly 
burnup simulations in Chapter 4, I created new ORIGEN models to show the emissions 
for a range of burnups and fuel enrichments.  I determined the nuclide contents for each 
burnup and enrichment case in terms of activity.  Plotting the activities of the nuclides 
after 1 day since removal from the reactor versus burnup shows how these signatures can 
be utilized to predict how much plutonium is produced in the fuel assembly.  Figure 5.30 
shows how 
140
La activity decreases as the fuel assembly is burned in the reactor.  It is 
interesting to see the activity increases between 15 GWD/MTU and 20 GWD/MTU.  This 









La, and the decay of 
140
La.  Overall, this does not make a difference when 
analyzing the fuel for burnup.  The activity changes very slightly, such that the errors 
involved with determining the measured activity are too large for an accurate 
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determination of burnup from 
140
La alone.  Another issue with 
140
La as an indicator of 
burnup results from is its very short half-life of 40.22 hrs.  The amount of 
140
La does not 
accumulate much over the burnup cycle, so the 
140
La activity is relatively stable across 
burnup levels once it reaches a threshold level.  Further analyses of other strong gamma 
emitting nuclides are necessary in moving closer to a burnup estimate. 
 
 
Figure 5.30: Total activity of 
140
La in a Westinghouse 17x17 fuel assembly at various 
fuel burnups. 
 




Mo is that activity 
slowly decreases as fuel burnup increases, but, as was the case with 
140
La, this decrease is 
not a significant change.  This is again mostly due to their short half-lives.  The half-life 
of 
140
Ba is 12.8 days and the half-life of 
99
Mo is 66 hours.  Figures 5.31 and 5.32 show 
these relationships.  The reason there is a slight decrease is the destruction of 
235
U.  












Figure 5.31: Total activity of 
140




Figure 5.32:  Total activity of 
99
Mo in a Westinghouse 17x17 fuel assembly at various 
fuel burnups. 
 
 Mentioned previously in Chapter 1, 
137
Cs is a commonly favored signature for 
burnup prediction.  Figure 5.33 shows a relatively linear relationship between the activity 
and burnup for this nuclide, which is also nearly identical for each 
235








Unlike the previous nuclides I analyzed, 
137
Cs has a long half-life of 30 years.  This, 
along with its small thermal neutron absorption cross section and its fission yield being 
approximately equal for all fissile materials, provides a strong relationship between the 
amount of 
137
Cs present in the fuel and how much the fuel assembly has been burned.  
However, for very short cooling times, its gamma emissions are much weaker than the 
gamma emissions from the other fission products considered.  Consequently, the 
137
Cs 
signature is much more likely to be washed out or detected with high counting error.  It is 
difficult to find another nuclide that varies linearly with burnup while maintaining a 
minimal dependency on enrichment. 
  
 
Figure 5.33: Total activity of 
137
Cs in a Westinghouse 17x17 fuel assembly at various 
fuel burnups. 
 
Referring to Equation 5.22, the burnup values can be computed from the activity 
of 
137
Cs in the fuel assembly.  For example, I calculated the number of fissions that took 
place in the assembly.  First I calculated the 
137
Cs activity once the fuel was discharged 
from the reactor core from the activity after 1 day since removal.  The activity was 





Equation 5.23, and determined that approximately 8.624×1025 fissions took place.  
Solving for burnup, I computed that this number of fissions related to a burnup of 32,000 
GWD/MTU.  The expected burnup for this activity as predicted by the SCALE/ORIGEN 
code was 33,000 MWD/MTU.  This relatively simplistic burnup calculation is only 
3.08% from the expected burnup.  I repeated these calculations for additional desired 
burnup values from ORIGEN and included the results in Table 5.5.  Appendix G shows 
the details of the calculations 
 
Table 5.5:  Fuel assembly burnup estimated from 
137
Cs activity. 




t =1 day (Ci) 
Activity at 



















15,000 4.9184×104 4.9187×104 4.00×1025 14,834 -1.11 
33,000 1.0604×105 1.0605×105 8.62×1025 31,982 -3.08 
45,000 1.4364×105 1.4365×105 1.17×1026 43,323 -3.73 
60,000 1.8865×105 1.8866×105 1.53×1026 56,895 -5.17 
      
 
 Another member of the cesium family, 
134
Cs, also behaves as a good predictor of 
fuel burnup.  This nuclide is a strong gamma emitter, with a wide range of energy 
emissions.  Its strongest emissions are at 604.7 keV, 795.84 keV, and 801.93 keV, but it 
also emits gammas with higher energies such as 1167.9 keV, and 1365.2 keV.  This 
makes it suitable for detection and adjoint analysis.  Figure 5.34 shows the relationship 






Figure 5.34: Total activity of 
134
Cs in a Westinghouse 17x17 fuel assembly at various 
fuel burnups. 
 
 154Eu is another fission product with a high activity yield from a burned PWR fuel 
assembly.  It has high energy gamma emissions and has a long half-life of 16 years in 
comparison to many of the short lived fission products produced.  Therefore, it is able to 
accumulate in the fuel as the fuel assembly is burned.  Figure 5.35 shows how the activity 
of 
154
Eu in a fuel assembly increases almost linearly with respect to burnup in a similar 
manner to 
137
Cs.  The identification and activity determination from SmartID for this 
nuclide can help predict the burnup of the fuel assembly in question.  Referring back to 
Table 5.4, it is seen that 
154





U.  This leads to the slight changes in activity dependent on original fuel 
enrichment, but this also shows that 
154
Eu has a strong relationship with how much 







Figure 5.35:  Total activity of 
154
Eu in a Westinghouse 17x17 fuel assembly at various 
fuel burnups. 
 






Ru.  This nuclide’s activity also has a strong dependence on assembly burnup as shown 
in Figure 5.36.  As the plutonium content increases in the assembly, the 
106
Ru content 
increases as well, but the level at which the activity reaches can also indicate the most 
likely initial fuel enrichment. Using multiple isotopes as predictors of burnup can help 
identify which enrichment curve the 
106






Eu signal a most likely burnup, then the 
106
Ru activity can be verified to see if this 
burnup is consistent, and its activity can also tell which enrichment condition is most 







Figure 5.36:  Total activity of 
106





Ru activity is actually determined from gamma emissions from its 
daughter product, 
106
Rh.  These isotopes are considered to be in secular equilibrium, since 
the half-life of 
106
Rh (on the order of seconds) is much shorter than the half-life of 
106
Ru 
(approximately 1 year) [8].  This means that both isotopes are essentially decaying at the 
same rate, and 
106
Rh is decaying at the same rate at which it is formed. 




Pu are helpful 
for narrowing down the predicted burnup condition of the fuel assembly.  If electronics or 
other conditions result in an elevated prediction of isotopic activity, the burnup could be 
predicted too high, or possibly too low if the activity is under calculated.  Fission 
products dependent on uranium fissions will decrease in contribution to overall activity.  
The fission product 
95
Zr is one such case.  It has a half-life of 65.5 days, and can also be 
produced by neutron capture with 
94
Zr.  For low burnups, 
95
Zr has not had much time to 
decay away while it is still being produced by fission and neutron capture; however, once 





keep up with its decay and decreasing fission production from 
235
U.  Therefore, burnup 
prediction from this nuclide is difficult. 
 
 
Figure 5.37: Total activity of 
95
Zr in a Westinghouse 17x17 fuel assembly at various fuel 
burnups. 
 






Sr.  This 
isotope has a half-life of 9.63 hours; therefore, the activity seen after irradiation can be 
directly attributed to the amount of 
235
U left in the assembly.  Since 
235
U is burned, 
thereby decreasing the 
235
U content, the amount of 
91
Sr produced by fission is also 
decreasing.  Figure 5.25 shows this relationship.  For each burnup plotted in Figure 5.38, 
the activity has on average a 25% difference between a fuel assembly originally enriched 
with 1.5 weight percent 
235









Figure 5.38: Total activity of 
91
Sr in a Westinghouse 17x17 fuel assembly at various fuel 
burnups. 
 
 For each nuclide there is a relationship between burnup and its activity, but there 
are differences in how significant the changes are in terms of activity as burnup changes.  
I quantified how the activities changed with increasing burnup by using a percent 
difference relationship shown in Equation 5.22, 
 







where A1 is the activity at burnup 1, and A2 is the activity at burnup 2.  This method 
shows how the two activities compare while taking into account the overall strength of 
the activities.  Table 5.6 shows the calculated percent differences from equation 5.22 
between the activities at two different fuel burnup levels.  The last row shows the percent 






Table 5.6:  Percent differences computed for selected nuclide’s activities at various fuel 



































         
0.5 & 1 1.68 59.71 4.68 73.18 147.4 66.62 37.85 43.95 -- 
1 & 5 10.87 97.17 1.37 151.2 190.0 133.2 24.73 28.14 -- 
5 & 10 10.53 16.14 0.72 83.41 120.6 64.22 1.31 0.92 122.6 
10 & 15 8.99 0.49 0.69 49.22 73.97 41.76 1.95 1.59 78.48 
15 & 20 8.11 2.27 0.65 33.51 51.99 28.09 1.75 2.34 55.15 
20 & 25 7.44 2.79 0.56 24.64 39.47 21.73 1.58 2.02 41.92 
25 & 30 6.80 2.44 0.52 19.43 31.87 17.99 1.11 1.36 32.25 
30 & 35 6.22 2.50 0.49 14.99 25.61 14.89 1.20 1.29 24.86 
35 & 40 5.47 2.29 0.38 12.06 21.37 12.83 1.02 0.99 20.38 
40 & 45 4.71 2.01 0.28 9.79 18.10 11.26 0.86 0.75 16.35 
45 & 50 3.95 1.73 0.21 7.99 15.43 10.02 0.71 0.54 13.22 
50 & 55 3.24 1.46 0.15 6.54 13.26 9.02 0.58 0.37 11.15 
55 & 60 2.60 1.20 0.11 5.35 12.50 8.19 0.47 0.23 9.43 
5 & 60 60.22 2.03 4.76 175.7 195.6 167.8 12.53 7.70 195.7 
          
 
These values help identify which nuclides would show the largest changes over 
the burnup levels which is important for predicting the plutonium content of the 
assembly.  It is difficult to predict burnup with any certainty if the counting errors are just 
as large as or larger than the percent differences between fuel burnups.  Therefore, 








Eu have the best activity-to-burnup 
relationships for burnup prediction.  
It is interesting to see how these different plutonium isotopes grow into the 
assembly as burnup increases.  Figure 5.39 shows how 
239
Pu initially grows at a fast rate 
before slowing, where the other isotopes grow more consistently.  This creates some 
concern if fuel is not burned to an appropriate level since at low burnups the 
239
Pu content 
is high while the 
240
Pu content is very low.  Figure 5.40 shows the total plutonium content 
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in the assembly after 1 day of removal from the reactor.  It is clear that the 
239
Pu content 
has the greatest contribution to the total plutonium. 
 
 
Figure 5.39: Plutonium isotopic content in a Westinghouse 17x17 PWR fuel assembly 
enriched to 2.6 w% 
235
U at various burnup levels. 
 
 











 As the various enriched fuel assemblies reach greater burnups, the total plutonium 
content depends less and less on the fuel enrichment.  The percent difference between the 
1.5 weight percent 
235
U fuel and 3.5 weight percent 
235
U fuel is 28.41% at 5 GWD/MTU, 
and decreases to 0.085% at 60 GWD/MTU.  Matching the predicted burnup value from 
SmartID calculated activities for the various fission products discussed in this chapter to 
the plutonium content shown by Figures 5.29 and 5.30 will give an investigator a unique 
view of very short cooled spent nuclear fuel.   
 Recalling the 
106
Ru case presented at the end of Chapter 5.4.2.2, I found that the 
activity predicted from my activity estimation code was 6.84 ×105 Ci.  Looking at Figure 
5.28, I see this matches up with a burnup level around 33 GWD/MTU, and a total 
plutonium mass of approximately 9.5 to 10 kg.  The real value for total Pu from 2.6 w% 
enriched 33,000 MWD fuel assembly is 9.8 kg total plutonium.  I can also directly relate 




Ru can be directly correlated 
to the 
106
Rh activity.  Its fission yield is strongly dependent on 
239
Pu at 4.19%, while its 
fission yield from 
235
U is substantially weaker at 0.41%.  There is a direct correlation 
between the number of fissions and ingrowth of plutonium in the fuel assembly.  Solving 
the burnup equation (Equation 5.2) in the same manner burnup was solved for 
137
Cs; I 
found that burnup can be strongly related for the 
106
Ru case.  Table 5.7 shows the 
calculated burnup values from direct ORIGEN activity values.  There is a slight bias 
towards higher burnup once actual burnup surpasses 10,000MWD , but overall the 








Table 5.7:  Fuel assembly burnup estimated from 
106
Ru activity. 




t =1 day (Ci) 
Activity at 



















15,000 2.7322×105 2.7373×105 1.13×1024 15,698 4.66 
33,000 6.1210×105 6.1324×105 2.52×1025 35,169 6.57 
45,000 8.6259×105 8.6419×105 3.55×1025 49,562 10.14 
60,000 1.0524×106 1.0544×106 4.34×1025 60,469 0.78 
      
 
 I now proceed and calculate burnup from this simplified method for the SmartID 
identified and adjoint calculated activity to determine if I can achieve a reasonable 
estimate of burnup.  From this activity, I found that approximately 2.82 × 1025 fissions 
took place resulting in a fuel burnup value of 39,300 MWD.  This is 19% greater than the 
actual burnup modeled, and 11.7% greater than the burnup calculated from the ORIGEN 
activity for this case.  However, it is important to note the geometry conditions biased the 
results towards a slightly higher activity calculation.  
This performs well given all of the moving parts required in this type of analysis 
along with the low resolution detector system being utilized.  Therefore, this shows a lot 
of promise for future work in this area, especially with higher resolution detection 
systems such as CZT, which are already used in underwater spent fuel applications.  
Knowing that nuclide attribution along with activity and burnup determination can be 
possible with a low resolution system in NaI(Tl), this approach would pave the way for 
future work examining fuel discharged from the reactor core. 
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6.1  Final Design 
 The final design for an underwater system to rapidly characterize spent nuclear 
fuel from a PWR after removal from the reactor core incorporates a robust 2 in. × 2 in. 
NaI(Tl) scintillator detector encased in highly attenuating tungsten shielding.  A 1 mm in 
diameter pinhole collimates the field of view such that only a portion of the fuel assembly 
is measured during a given detector counting time.  The detector system must pass by 
each side face of the assembly in order to spatially determine if fuel pins may be missing.  
The adjoint importance calculations can lead the investigator to determine whether or not 
there should be concern for tampering of the fuel assembly or if the reactor operators are 
following their declarations.   
 The work presented in this dissertation showcased a multi-faceted, approach to 
solving the issue of underwater spent fuel characterization with low resolution detection 
systems.  I detailed the theory behind the SmartID post-processing algorithm, how this 
algorithm had been updated to consider an underwater spent fuel scenario, how SmartID 
performed with experimental spectra data, MCNP simulations developed for a 
complicated spent nuclear fuel assembly, and the deterministic transport models 
generated.  All of these parts were fully integrated to show how it is possible to estimate 
burnup and plutonium content in the spent nuclear fuel from low resolution detection 
systems.  
My work demonstrated basic estimations for the activities of SmartID identified 
highly scored nuclides can be determined from adjoint importance computations 
combined with the detector count rate outputs from the correlated identified peaks.  Due 
 185 
to the simplification of energy dependency, the importance calculations lead only to an 
estimation of the assembly’s source strength.  Due to the highly complex emission profile 
for spent nuclear fuel, nuclides with strong gamma emissions that are relatively isolated 
from other strong gamma emissions make the best candidates for fuel characterization 








Eu are the best candidates for burnup 
analysis due to their strong activity dependency on burnup.  Typically, investigators like 
to analyze the 
137
Cs peak for burnup predictions, but this is not necessarily the best option 
when the fuel assembly is measured shortly after removal from the reactor due to many 
of the short lived gamma emissions washing out the 
137
Cs’s corresponding photopeak.  
The other nuclides considered have much greater energy emissions easier for SmartID to 
identify, therefore these nuclides have been deemed best suited for this type of 
application. 
I presented experimental data collected which showed SmartID was successful in 
identifying the nuclides of interest in highly complicated background scenarios.  The 
weak 
60
Co sources were identified by SmartID even though the peaks attributed to this 
nuclide could not be identified by looking at the spectrum due to the elevated Compton 
effects and attenuation.  Additionally, SmartID was able to identify key nuclides involved 
with fissions and neutron sources during the irradiation of a natural uranium fuel rod.  I 
further tested this algorithm with MCNP spent fuel assembly simulations to determine 
that SmartID was in fact identifying the key gamma emitters.  Due to the energy windows 
necessary for peak attribution, some other nuclides were identified in error, but if the 
investigator is trained and knowledgeable on which peaks are double counted and should 
actually be attributed, then this tool can be effective for spent fuel monitoring.  That said, 
this tool may not be appropriate for use by an inexperienced user or by someone with 
little background in spent nuclear fuel characterization.   
I tested my adjoint mass estimation methodology with simplified MCNP models 
in order to achieve better statistics within the models.  I was able to come close to 
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matching the activity for 
137
Cs peak, and I was able to match the activity for a 
106
Ru peak 
within 19% of the modeled activity proving that this tool can be effective for spent fuel 
burnup characterization estimation.  This resulted in the predicted burnup to be computed 
to be 39,300 MWD corresponding to a total plutonium estimate of 10 kg.  This burnup 
estimate also has a 19% difference from the modeled burnup of 33,000 MWD, and the 
9.8 kg of plutonium calculated for a 33,000 MWD burnup in ORIGEN falls within the 
estimated plutonium content range predicted. 
6.2 Future Work and Recommendations 
 The work presented in this dissertation is just the beginning of a whole wide range 
of applications and future work.  NaI(Tl) showed great promise for use in underwater 
spent fuel applications, but I believe the same methodologies applied here could be 
applied to higher resolution detectors already used in spent fuel scenarios such as CZT.  
A detector with a higher resolution will potentially have better results in the lower end of 
the spectrum in comparison to NaI(Tl) thereby giving the investigator more information 
about the composition of the fuel assembly.  In addition, the better resolution will 
improve the counts attributed to closely aligned peaks.  This may help investigators with 
less experience and knowledge since it will be easier to see peak differentiation in the 
spectra recorded.   
 Additionally, in order to fully show how this type of system can provide detailed 
information from short cooled spent fuel, a full experimental evaluation should be 
performed.  In order to do that, access to a spent fuel pool, and funding for all materials 
needed for fabrication would be necessary.  I created a concept design based off of my 
detector model surrounded by Tungsten shielding, facing a side of a fuel assembly. 
Figure 1.4 shows a concept design of how the detector will scan across the fuel assembly.  
This system would be capable of measuring the fuel after the upending device rotates the 




Figure 6.1: Underwater fuel assembly detection system. 
 
 Figure 1.5 shows a schematic of a typical pressurized water reactor (PWR) which 
is a type of light water reactor (LWR).  These types of reactors utilize low enriched 
uranium (LEU) with 
235
U content between 2.1 and 3.1 weight percent [1].  The fuel is 
typically burned to 33,000 MWD/MTU which results in high fission product production 
while minimizing the 
239
Pu content in relationship to the overall Pu content. Due to the 
high nuclide activity following irradiation, the detector scan would be rapid with minimal 
impact on refueling operations.  Such a system could also be used in the spent fuel pool 




Figure 6.2: PWR Spent Fuel Cooling Systems. A potential area for detection is located 
for individual assembly detection. [2] 
 
6.3  Potential Impact on Nuclear Forensic Capabilities 
 The work presented in this dissertation has the potential to positively impact 
nuclear forensics efforts by allowing immediate access to key radionuclide 
characterization for unknown source compositions through the use of inexpensive and 
readily available NaI(Tl) detector systems.  The IAEA desires low-cost, non-destructive 
methods for plutonium quantification, and this work helps meet those conditions through 
the post-processing of NaI(Tl) scintillator spectra.  The idea of nuclide characterization 
for spent nuclear fuel in an underwater environment significantly improves real time 
estimation of potential operator declarations, and helps identify any potential diversions 
of material. 
 The work I completed provides a strong basis for potentially wide ranging 
applications from airborne radionuclide platforms to portal monitoring.  Short-cooled, 
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high burnup spent nuclear fuel produces some of the most complex gamma emission 
profiles known to researchers.  Achieving peak identification for this type of source in a 
highly scattering and absorbing medium, and being able to utilize this information to 
produce an estimate of significant nuclide activities is a considerable achievement.   
This work paves the way for future analysis on low cost, transportable systems for 
any possible in-field scenario a nuclear forensics investigator could face.  The 
methodologies present here could be applied to newer and higher resolution scintillator 
detectors types, which would only increase the reliability and functionality of this type of 
system analysis. 
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SMARTID EXPERIMENT FWHM AND ENERGY FILES 
 
 











SMARTID EXPERIMENT INPUT FILES 
 
 
Figure C.1:  SmartID input file for 20
th
 5 minute spectrum collected after fuel rod 
irradiated for 2 weeks.  Options chosen included an aliasing factor of 0.5, chi threshold of 








































































NEW SMARTID LIBRARY FOR SPENT FUEL ATTRIBUTION 
 
idx jdx E(keV) Nuclide T1/2 T1/2_unit Prob/DK lib-freq comment 
25 3 3.6 126Sn 1.00E+05 y 1.12E-01 9 Fiss_Prod  
22 10 3.77 125Sb 2.76E+00 y 4.95E-02 13 Fiss_Prod  
34 27 3.77 131mTe 3.24E+01 h 1.67E-02 36 Fiss_Prod  
30 3 3.94 129Te 3.36E+01 d 6.16E-02 4 Fiss_Prod  
34 36 3.94 131mTe 3.24E+01 h 1.11E-02 36 Fiss_Prod  
36 12 3.94 131Te 2.50E+01 m 1.45E-02 14 Fiss_Prod  
50 5 4.11 135mXe 1.53E+01 m 1.66E-02 5 Fiss_Prod 
44 5 4.29 133Xe 5.24E+00 d 6.14E-02 10 Fiss_Prod  
52 14 4.47 136Cs 1.31E+01 d 2.82E-02 14 Fiss_Prod 
54 5 4.47 137mBa 2.55E+00 m 1.04E-02 5 Fiss_Prod 
59 2 4.65 140Ba 1.20E+01 d 1.47E-01 20 Fiss_Prod 
76 93 4.82 151Pm 2.84E+01 h 6.08E-04 234 Fiss_Prod 
73 18 5.64 148mPm 4.13E+01 d 1.07E-02 18 Fiss_Prod 
79 4 5.85 153Sm 4.63E+01 h 1.19E-01 5 Fiss_Prod 
82 9 6.06 156Eu 1.52E+01 d 5.44E-02 29 Fiss_Prod 
84 6 6.5 160Tb 1.98E-01 y 1.07E-01 17 Fiss_Prod 
193 3 8.03 65Zn 6.67E-01 y 1.15E-01 5 Fiss_Prod 
193 2 8.05 65Zn 6.67E-01 y 2.26E-01 5 Fiss_Prod 
193 4 8.91 65Zn 6.67E-01 y 4.61E-02 5 Fiss_Prod 
204 11 13.34 88Kr 2.84E+00 h 2.37E-02 20 Fiss_Prod  
204 6 13.4 88Kr 2.84E+00 h 4.59E-02 20 Fiss_Prod  
140 1 13.6 238Pu 8.77E+01 y 1.16E-01 7 SNM 
143 1 13.6 239Pu 2.41E+04 y 4.41E-02 83 SNM 
145 1 13.6 240Pu 6.54E+03 y 1.10E-01 5 SNM 
138 12 13.81 237U 1.62E+02 h 9.90E-04 24 237Np_Parent 
59 8 13.85 140Ba 1.20E+01 d 1.22E-02 20 Fiss_Prod 
147 1 13.9 241Am 4.32E+02 y 4.27E-01 28 SNM 
139 1 14.3 238Np 2.12E+00 d 3.74E-01 5 SNM 
149 2 14.3 242Am 1.60E+01 h 1.27E-01 5 SNM 
208 2 14.96 91mY 4.97E+01 m 1.65E-02 2 Fiss_Prod  
149 1 15 242Am 1.60E+01 h 1.97E-01 5 SNM 
204 19 15 88Kr 2.84E+00 h 1.20E-02 20 Fiss_Prod  
25 9 21.65 126Sn 1.00E+05 y 1.24E-02 9 Fiss_Prod  
25 7 23.28 126Sn 1.00E+05 y 6.40E-02 9 Fiss_Prod  
60 37 24.6 140La 4.03E+01 h 2.86E-05 38 Fiss_Prod 
76 21 25.69 151Pm 2.84E+01 h 9.68E-03 234 Fiss_Prod 
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25 6 26.11 126Sn 1.00E+05 y 8.33E-02 9 Fiss_Prod  
147 3 26.34 241Am 4.32E+02 y 2.40E-02 28 SNM 
138 4 26.35 237U 1.62E+02 h 2.43E-02 24 237Np_Parent 
25 2 26.36 126Sn 1.00E+05 y 1.56E-01 9 Fiss_Prod  
22 4 27.2 125Sb 2.76E+00 y 1.28E-01 13 Fiss_Prod 
27 1 27.2 127Te 9.35E+00 h 1.04E-01 1 Fiss_Prod  
34 17 27.2 131mTe 3.24E+01 h 3.59E-02 36 Fiss_Prod  
22 2 27.47 125Sb 2.76E+00 y 2.39E-01 13 Fiss_Prod 
34 11 27.47 131mTe 3.24E+01 h 6.70E-02 36 Fiss_Prod  
204 14 27.51 88Kr 2.84E+00 h 2.06E-02 20 Fiss_Prod  
30 1 27.77 129Te 3.36E+01 d 1.63E-01 4 Fiss_Prod  
34 20 28.32 131mTe 3.24E+01 h 2.83E-02 36 Fiss_Prod  
36 7 28.32 131Te 2.50E+01 m 3.68E-02 14 Fiss_Prod  
34 13 28.61 131mTe 3.24E+01 h 5.27E-02 36 Fiss_Prod  
36 3 28.61 131Te 2.50E+01 m 6.85E-02 14 Fiss_Prod  
33 6 29.46 131I 8.02E+00 d 1.35E-02 6 Fiss_Prod  
50 3 29.46 135mXe 1.53E+01 m 3.84E-02 5 Fiss_Prod 
25 8 29.7 126Sn 1.00E+05 y 5.34E-02 9 Fiss_Prod  
33 4 29.78 131I 8.02E+00 d 2.50E-02 6 Fiss_Prod  
50 2 29.78 135mXe 1.53E+01 m 7.13E-02 5 Fiss_Prod 
59 3 29.97 140Ba 1.20E+01 d 1.41E-01 20 Fiss_Prod 
44 3 30.63 133Xe 5.24E+00 d 1.36E-01 10 Fiss_Prod  
51 4 30.63 135Xe 9.14E+00 h 1.45E-02 4 Fiss_Prod 
44 2 30.97 133Xe 5.24E+00 d 2.23E-01 10 Fiss_Prod  
51 3 30.97 135Xe 9.14E+00 h 2.68E-02 4 Fiss_Prod 
22 7 31 125Sb 2.76E+00 y 8.28E-02 13 Fiss_Prod 
34 21 31 131mTe 3.24E+01 h 2.32E-02 36 Fiss_Prod  
52 11 31.82 136Cs 1.31E+01 d 4.95E-02 14 Fiss_Prod 
54 3 31.82 137mBa 2.55E+00 m 2.07E-02 5 Fiss_Prod 
52 8 32.19 136Cs 1.31E+01 d 9.12E-02 14 Fiss_Prod 
54 2 32.19 137mBa 2.55E+00 m 3.82E-02 5 Fiss_Prod 
34 24 32.3 131mTe 3.24E+01 h 1.85E-02 36 Fiss_Prod  
36 9 32.3 131Te 2.50E+01 m 2.40E-02 14 Fiss_Prod  
138 10 33.2 237U 1.62E+02 h 1.30E-03 24 237Np_Parent 
50 4 33.6 135mXe 1.53E+01 m 2.54E-02 5 Fiss_Prod 
44 4 35 133Xe 5.24E+00 d 9.06E-02 10 Fiss_Prod  
76 116 35.2 151Pm 2.84E+01 h 3.38E-04 234 Fiss_Prod 
22 11 35.49 125Sb 2.76E+00 y 4.17E-02 13 Fiss_Prod 
52 13 36.4 136Cs 1.31E+01 d 3.32E-02 14 Fiss_Prod 
54 4 36.4 137mBa 2.55E+00 m 1.39E-02 5 Fiss_Prod 
72 4 38.17 147Nd 1.10E+01 d 1.30E-01 18 Fiss_Prod 
138 17 38.54 237U 1.62E+02 h 2.10E-04 24 237Np_Parent 
143 3 38.66 239Pu 2.41E+04 y 1.05E-04 83 SNM 
 235 
72 2 38.72 147Nd 1.10E+01 d 2.36E-01 18 Fiss_Prod 
73 15 38.72 148mPm 4.13E+01 d 1.32E-02 18 Fiss_Prod 
73 14 39.52 148mPm 4.13E+01 d 1.67E-02 18 Fiss_Prod 
74 4 40.12 148Pm 5.37E+00 d 3.03E-02 5 Fiss_Prod 
143 23 40.41 239Pu 2.41E+04 y 1.62E-06 83 SNM 
222 6 40.58 99Mo 6.60E+01 h 1.05E-02 35 medical_FP 
79 3 40.9 153Sm 4.63E+01 h 1.73E-01 5 Fiss_Prod 
79 1 41.54 153Sm 4.63E+01 h 3.12E-01 5 Fiss_Prod 
143 22 42.06 239Pu 2.41E+04 y 1.65E-06 83 SNM 
82 16 42.31 156Eu 1.52E+01 d 3.83E-02 29 Fiss_Prod 
82 6 43 156Eu 1.52E+01 d 6.91E-02 29 Fiss_Prod 
138 15 43.42 237U 1.62E+02 h 2.40E-04 24 237Np_Parent 
140 2 43.48 238Pu 8.77E+01 y 3.93E-04 7 SNM 
59 14 43.8 140Ba 1.20E+01 d 1.95E-05 20 Fiss_Prod 
72 5 43.8 147Nd 1.10E+01 d 9.06E-02 18 Fiss_Prod 
148 4 44.2 241Pu 1.44E+01 y 4.90E-08 6 SNM 
142 12 44.66 239Np 5.66E+01 h 1.30E-03 37 239Pu_Parent 
148 6 44.86 241Pu 1.44E+01 y 8.36E-09 6 SNM 
84 9 45.21 160Tb 1.98E-01 y 6.03E-02 17 Fiss_Prod 
145 2 45.24 240Pu 6.54E+03 y 4.50E-04 5 SNM 
73 16 45.4 148mPm 4.13E+01 d 1.18E-02 18 Fiss_Prod 
84 5 46 160Tb 1.98E-01 y 1.08E-01 17 Fiss_Prod 
143 11 46.21 239Pu 2.41E+04 y 7.37E-06 83 SNM 
143 38 46.69 239Pu 2.41E+04 y 5.80E-07 83 SNM 
82 19 48.7 156Eu 1.52E+01 d 2.73E-02 29 Fiss_Prod 
142 13 49.41 239Np 5.66E+01 h 1.30E-03 37 239Pu_Parent 
138 9 51.01 237U 1.62E+02 h 3.40E-03 24 237Np_Parent 
143 2 51.63 239Pu 2.41E+04 y 2.70E-04 83 SNM 
84 11 52.1 160Tb 1.98E-01 y 4.32E-02 17 Fiss_Prod 
148 5 56 241Pu 1.44E+01 y 3.43E-08 6 SNM 
143 9 56.84 239Pu 2.41E+04 y 1.13E-05 83 SNM 
142 14 57.28 239Np 5.66E+01 h 1.30E-03 37 239Pu_Parent 
142 26 57.3 239Np 5.66E+01 h 4.80E-05 37 239Pu_Parent 
67 2 57.36 143Ce 3.30E+01 h 1.17E-01 52 Fiss_Prod 
226 1 58 W_Kalpha2 0.00E+00 u 1.00E-08 1 c 
138 1 59.54 237U 1.62E+02 h 3.45E-01 24 237Np_Parent 
147 2 59.54 241Am 4.32E+02 y 3.59E-01 28 SNM 
76 130 59.93 151Pm 2.84E+01 h 2.48E-04 234 Fiss_Prod 
76 207 61 151Pm 2.84E+01 h 6.98E-05 234 Fiss_Prod 
142 8 61.46 239Np 5.66E+01 h 1.29E-02 37 239Pu_Parent 
76 51 62.91 151Pm 2.84E+01 h 2.07E-03 234 Fiss_Prod 
59 19 63.17 140Ba 1.20E+01 d 2.93E-07 20 Fiss_Prod 
143 42 64.04 239Pu 2.41E+04 y 3.20E-07 83 SNM 
 236 
60 31 64.14 140La 4.03E+01 h 1.43E-04 38 Fiss_Prod 
25 4 64.28 126Sn 1.00E+05 y 9.58E-02 9 Fiss_Prod  
138 6 64.83 237U 1.62E+02 h 1.28E-02 24 237Np_Parent 
76 11 64.88 151Pm 2.84E+01 h 1.89E-02 234 Fiss_Prod 
76 19 65.83 151Pm 2.84E+01 h 1.15E-02 234 Fiss_Prod 
52 7 66.91 136Cs 1.31E+01 d 1.25E-01 14 Fiss_Prod 
142 16 67.86 239Np 5.66E+01 h 9.20E-04 37 239Pu_Parent 
60 19 68.92 140La 4.03E+01 h 7.54E-04 38 Fiss_Prod 
79 5 69.67 153Sm 4.63E+01 h 5.17E-02 5 Fiss_Prod 
76 34 69.7 151Pm 2.84E+01 h 4.73E-03 234 Fiss_Prod 
138 23 69.76 237U 1.62E+02 h 9.50E-06 24 237Np_Parent 
76 52 76.22 151Pm 2.84E+01 h 2.03E-03 234 Fiss_Prod 
44 6 79.62 133Xe 5.24E+00 d 2.70E-03 10 Fiss_Prod  
44 1 81 133Xe 5.24E+00 d 3.80E-01 10 Fiss_Prod  
34 16 81.14 131mTe 3.24E+01 h 4.07E-02 36 Fiss_Prod  
52 10 86.29 136Cs 1.31E+01 d 6.28E-02 14 Fiss_Prod 
84 4 86.79 160Tb 1.98E-01 y 1.33E-01 17 Fiss_Prod 
25 5 86.94 126Sn 1.00E+05 y 8.92E-02 9 Fiss_Prod  
25 1 87.57 126Sn 1.00E+05 y 3.70E-01 9 Fiss_Prod  
142 23 88.06 239Np 5.66E+01 h 6.00E-05 37 239Pu_Parent 
76 169 88.8 151Pm 2.84E+01 h 1.24E-04 234 Fiss_Prod 
82 2 88.96 156Eu 1.52E+01 d 9.05E-02 29 Fiss_Prod 
222 22 89.4 99Mo 6.60E+01 h 3.03E-05 35 medical_FP 
72 1 91.11 147Nd 1.10E+01 d 2.79E-01 18 Fiss_Prod 
76 214 91.7 151Pm 2.84E+01 h 5.63E-05 234 Fiss_Prod 
76 117 92.97 151Pm 2.84E+01 h 3.38E-04 234 Fiss_Prod 
140 6 94.66 238Pu 8.77E+01 y 1.05E-06 7 SNM 
143 5 94.66 239Pu 2.41E+04 y 4.22E-05 83 SNM 
143 48 96.13 239Pu 2.41E+04 y 2.23E-07 83 SNM 
147 8 97.07 241Am 4.32E+02 y 1.18E-05 28 SNM 
76 36 98.05 151Pm 2.84E+01 h 3.60E-03 234 Fiss_Prod 
140 5 98.44 238Pu 8.77E+01 y 1.69E-06 7 SNM 
73 13 98.48 148mPm 4.13E+01 d 2.47E-02 18 Fiss_Prod 
76 95 98.74 151Pm 2.84E+01 h 5.85E-04 234 Fiss_Prod 
143 8 98.78 239Pu 2.41E+04 y 1.22E-05 83 SNM 
147 4 98.95 241Am 4.32E+02 y 2.03E-04 28 SNM 
59 20 99.49 140Ba 1.20E+01 d 1.95E-07 20 Fiss_Prod 
149 4 99.55 242Am 1.60E+01 h 3.66E-02 5 SNM 
140 3 99.86 238Pu 8.77E+01 y 7.24E-05 7 SNM 
76 9 100.02 151Pm 2.84E+01 h 2.54E-02 234 Fiss_Prod 
76 172 100.6 151Pm 2.84E+01 h 1.19E-04 234 Fiss_Prod 
138 2 101.07 237U 1.62E+02 h 2.63E-01 24 237Np_Parent 
147 7 101.07 241Am 4.32E+02 y 1.90E-05 28 SNM 
 237 
76 16 101.93 151Pm 2.84E+01 h 1.28E-02 234 Fiss_Prod 
142 35 101.97 239Np 5.66E+01 h 8.00E-06 37 239Pu_Parent 
34 7 102.06 131mTe 3.24E+01 h 7.94E-02 36 Fiss_Prod  
76 120 102.7 151Pm 2.84E+01 h 3.15E-04 234 Fiss_Prod 
147 5 102.97 241Am 4.32E+02 y 1.95E-04 28 SNM 
138 20 102.98 237U 1.62E+02 h 6.40E-05 24 237Np_Parent 
143 19 103.02 239Pu 2.41E+04 y 2.17E-06 83 SNM 
79 2 103.18 153Sm 4.63E+01 h 2.83E-01 5 Fiss_Prod 
148 2 103.68 241Pu 1.44E+01 y 1.02E-06 6 SNM 
142 2 103.76 239Np 5.66E+01 h 2.37E-01 37 239Pu_Parent 
149 3 103.76 242Am 1.60E+01 h 5.89E-02 5 SNM 
145 3 104.24 240Pu 6.54E+03 y 7.08E-05 5 SNM 
76 8 104.84 151Pm 2.84E+01 h 3.51E-02 234 Fiss_Prod 
142 1 106.12 239Np 5.66E+01 h 2.72E-01 37 239Pu_Parent 
142 19 106.47 239Np 5.66E+01 h 4.90E-04 37 239Pu_Parent 
60 16 109.42 140La 4.03E+01 h 2.19E-03 38 Fiss_Prod 
76 80 109.56 151Pm 2.84E+01 h 8.55E-04 234 Fiss_Prod 
49 82 112.78 135I 6.59E+00 h 1.26E-04 93 Fiss_Prod 
76 186 113.1 151Pm 2.84E+01 h 9.68E-05 234 Fiss_Prod 
49 85 113.15 135I 6.59E+00 h 6.89E-05 93 Fiss_Prod 
59 11 113.51 140Ba 1.20E+01 d 1.61E-04 20 Fiss_Prod 
143 10 116 239Pu 2.41E+04 y 1.06E-05 83 SNM 
149 5 117 242Am 1.60E+01 h 2.77E-02 5 SNM 
59 10 118.84 140Ba 1.20E+01 d 6.10E-04 20 Fiss_Prod 
72 11 120.48 147Nd 1.10E+01 d 3.96E-03 18 Fiss_Prod 
147 28 121.2 241Am 4.32E+02 y 6.85E-09 28 SNM 
76 77 121.77 151Pm 2.84E+01 h 9.00E-04 234 Fiss_Prod 
67 28 122.4 143Ce 3.30E+01 h 8.56E-05 52 Fiss_Prod 
147 9 123.01 241Am 4.32E+02 y 1.00E-05 28 SNM 
80 1 123.07 154Eu 8.50E+00 y 4.05E-01 13 Fiss_Prod 
143 49 123.62 239Pu 2.41E+04 y 1.97E-07 83 SNM 
142 22 124.4 239Np 5.66E+01 h 1.00E-04 37 239Pu_Parent 
143 37 124.51 239Pu 2.41E+04 y 6.13E-07 83 SNM 
76 170 125.2 151Pm 2.84E+01 h 1.22E-04 234 Fiss_Prod 
76 171 125.2 151Pm 2.84E+01 h 1.22E-04 234 Fiss_Prod 
143 34 125.21 239Pu 2.41E+04 y 7.11E-07 83 SNM 
147 6 125.29 241Am 4.32E+02 y 4.08E-05 28 SNM 
76 226 126.8 151Pm 2.84E+01 h 2.93E-05 234 Fiss_Prod 
143 4 129.29 239Pu 2.41E+04 y 6.31E-05 83 SNM 
76 85 130.43 151Pm 2.84E+01 h 6.75E-04 234 Fiss_Prod 
60 13 131.12 140La 4.03E+01 h 4.67E-03 38 Fiss_Prod 
59 9 132.69 140Ba 1.20E+01 d 2.02E-03 20 Fiss_Prod 
76 140 134.22 151Pm 2.84E+01 h 2.03E-04 234 Fiss_Prod 
 238 
76 219 134.9 151Pm 2.84E+01 h 4.05E-05 234 Fiss_Prod 
37 74 136.7 132I 2.30E+00 h 7.90E-04 173 Fiss_Prod  
76 109 138.38 151Pm 2.84E+01 h 4.05E-04 234 Fiss_Prod 
76 125 138.9 151Pm 2.84E+01 h 2.70E-04 234 Fiss_Prod 
76 33 139.28 151Pm 2.84E+01 h 4.95E-03 234 Fiss_Prod 
67 12 139.74 143Ce 3.30E+01 h 7.70E-04 52 Fiss_Prod 
222 3 140.51 99Mo 6.60E+01 h 4.52E-02 35 medical_FP 
143 43 141.66 239Pu 2.41E+04 y 3.20E-07 83 SNM 
76 181 141.7 151Pm 2.84E+01 h 1.01E-04 234 Fiss_Prod 
76 50 143.17 151Pm 2.84E+01 h 2.14E-03 234 Fiss_Prod 
76 182 143.2 151Pm 2.84E+01 h 1.01E-04 234 Fiss_Prod 
143 50 143.35 239Pu 2.41E+04 y 1.73E-07 83 SNM 
143 17 144.21 239Pu 2.41E+04 y 2.83E-06 83 SNM 
143 26 146.08 239Pu 2.41E+04 y 1.19E-06 83 SNM 
76 150 146.2 151Pm 2.84E+01 h 1.67E-04 234 Fiss_Prod 
147 12 146.56 241Am 4.32E+02 y 4.61E-06 28 SNM 
37 52 147.4 132I 2.30E+00 h 2.37E-03 173 Fiss_Prod  
76 60 147.53 151Pm 2.84E+01 h 1.53E-03 234 Fiss_Prod 
76 98 148.5 151Pm 2.84E+01 h 5.40E-04 234 Fiss_Prod 
148 1 148.57 241Pu 1.44E+01 y 1.85E-06 6 SNM 
6 12 149.2 105Ru 4.44E+00 h 1.67E-02 17 Fiss_Prod  
34 14 149.72 131mTe 3.24E+01 h 5.08E-02 36 Fiss_Prod  
36 1 149.72 131Te 2.50E+01 m 6.89E-01 14 Fiss_Prod  
76 189 150.1 151Pm 2.84E+01 h 9.00E-05 234 Fiss_Prod 
147 18 150.11 241Am 4.32E+02 y 7.40E-07 28 SNM 
140 4 152.68 238Pu 8.77E+01 y 9.37E-06 7 SNM 
52 9 153.22 136Cs 1.31E+01 d 7.46E-02 14 Fiss_Prod 
72 16 154 147Nd 1.10E+01 d 5.58E-04 18 Fiss_Prod 
76 131 155.5 151Pm 2.84E+01 h 2.48E-04 234 Fiss_Prod 
76 61 156.18 151Pm 2.84E+01 h 1.49E-03 234 Fiss_Prod 
143 80 158.1 239Pu 2.41E+04 y 1.00E-08 83 SNM 
222 11 158.78 99Mo 6.60E+01 h 1.89E-04 35 medical_FP 
148 3 159.96 241Pu 1.44E+01 y 6.54E-08 6 SNM 
143 61 160.19 239Pu 2.41E+04 y 6.20E-08 83 SNM 
145 4 160.28 240Pu 6.54E+03 y 4.02E-06 5 SNM 
44 7 160.61 133Xe 5.24E+00 d 6.60E-04 10 Fiss_Prod  
143 24 161.45 239Pu 2.41E+04 y 1.23E-06 83 SNM 
222 13 162.37 99Mo 6.60E+01 h 1.19E-04 35 medical_FP 
49 83 162.65 135I 6.59E+00 h 9.76E-05 93 Fiss_Prod 
59 4 162.66 140Ba 1.20E+01 d 6.22E-02 20 Fiss_Prod 
76 26 162.94 151Pm 2.84E+01 h 8.78E-03 234 Fiss_Prod 
76 13 163.58 151Pm 2.84E+01 h 1.55E-02 234 Fiss_Prod 
52 12 163.89 136Cs 1.31E+01 d 4.61E-02 14 Fiss_Prod 
 239 
147 19 164.6 241Am 4.32E+02 y 6.67E-07 28 SNM 
138 5 164.61 237U 1.62E+02 h 1.86E-02 24 237Np_Parent 
49 70 165.74 135I 6.59E+00 h 3.13E-04 93 Fiss_Prod 
147 26 165.93 241Am 4.32E+02 y 2.32E-07 28 SNM 
204 10 165.98 88Kr 2.84E+00 h 3.10E-02 20 Fiss_Prod  
142 20 166.39 239Np 5.66E+01 h 1.70E-04 37 239Pu_Parent 
76 2 167.75 151Pm 2.84E+01 h 8.33E-02 234 Fiss_Prod 
76 23 168.39 151Pm 2.84E+01 h 9.23E-03 234 Fiss_Prod 
143 28 171.3 239Pu 2.41E+04 y 1.10E-06 83 SNM 
60 17 173.54 140La 4.03E+01 h 1.27E-03 38 Fiss_Prod 
22 8 176.33 125Sb 2.76E+00 y 6.89E-02 13 Fiss_Prod 
76 28 176.52 151Pm 2.84E+01 h 8.55E-03 234 Fiss_Prod 
52 5 176.55 136Cs 1.31E+01 d 1.36E-01 14 Fiss_Prod 
76 6 177.16 151Pm 2.84E+01 h 3.83E-02 234 Fiss_Prod 
143 36 179.2 239Pu 2.41E+04 y 6.60E-07 83 SNM 
222 2 181.07 99Mo 6.60E+01 h 5.99E-02 35 medical_FP 
142 17 181.7 239Np 5.66E+01 h 8.10E-04 37 239Pu_Parent 
37 59 183.6 132I 2.30E+00 h 1.38E-03 173 Fiss_Prod  
59 16 183.83 140Ba 1.20E+01 d 9.76E-06 20 Fiss_Prod 
49 74 184.49 135I 6.59E+00 h 2.35E-04 93 Fiss_Prod 
76 56 186.59 151Pm 2.84E+01 h 1.80E-03 234 Fiss_Prod 
143 32 189.3 239Pu 2.41E+04 y 8.30E-07 83 SNM 
73 17 189.63 148mPm 4.13E+01 d 1.10E-02 18 Fiss_Prod 
76 205 192.9 151Pm 2.84E+01 h 7.43E-05 234 Fiss_Prod 
76 126 195.5 151Pm 2.84E+01 h 2.70E-04 234 Fiss_Prod 
143 29 195.7 239Pu 2.41E+04 y 1.07E-06 83 SNM 
204 2 196.32 88Kr 2.84E+00 h 2.60E-01 20 Fiss_Prod  
72 13 196.64 147Nd 1.10E+01 d 2.04E-03 18 Fiss_Prod 
84 10 197.04 160Tb 1.98E-01 y 4.90E-02 17 Fiss_Prod 
49 65 197.19 135I 6.59E+00 h 3.27E-04 93 Fiss_Prod 
67 40 197.6 143Ce 3.30E+01 h 2.57E-05 52 Fiss_Prod 
34 10 200.63 131mTe 3.24E+01 h 7.56E-02 36 Fiss_Prod  
76 27 201.96 151Pm 2.84E+01 h 8.78E-03 234 Fiss_Prod 
143 12 203.54 239Pu 2.41E+04 y 5.69E-06 83 SNM 
147 27 204.06 241Am 4.32E+02 y 2.90E-08 28 SNM 
216 2 204.12 95Nb 3.50E+01 d 2.33E-02 3 Fiss_Prod 
76 64 204.17 151Pm 2.84E+01 h 1.31E-03 234 Fiss_Prod 
76 190 205.7 151Pm 2.84E+01 h 9.00E-05 234 Fiss_Prod 
76 113 206.7 151Pm 2.84E+01 h 3.60E-04 234 Fiss_Prod 
76 206 207 151Pm 2.84E+01 h 7.43E-05 234 Fiss_Prod 
138 3 208 237U 1.62E+02 h 2.12E-01 24 237Np_Parent 
147 10 208 241Am 4.32E+02 y 7.91E-06 28 SNM 
76 12 209 151Pm 2.84E+01 h 1.73E-02 234 Fiss_Prod 
 240 
142 5 209.75 239Np 5.66E+01 h 3.42E-02 37 239Pu_Parent 
76 191 215.3 151Pm 2.84E+01 h 9.00E-05 234 Fiss_Prod 
84 12 215.65 160Tb 1.98E-01 y 3.72E-02 17 Fiss_Prod 
49 13 220.5 135I 6.59E+00 h 1.75E-02 93 Fiss_Prod 
197 9 221.45 82Br 3.53E+01 h 2.26E-02 11 Fiss_Prod 
138 16 221.8 237U 1.62E+02 h 2.12E-04 24 237Np_Parent 
44 10 223.23 133Xe 5.24E+00 d 1.20E-06 10 Fiss_Prod  
24 17 223.8 126Sb 2.98E+02 h 1.40E-02 18 Fiss_Prod 
143 52 225.4 239Pu 2.41E+04 y 1.51E-07 83 SNM 
142 11 226.38 239Np 5.66E+01 h 2.80E-03 37 239Pu_Parent 
76 40 227.18 151Pm 2.84E+01 h 3.38E-03 234 Fiss_Prod 
76 101 227.81 151Pm 2.84E+01 h 4.95E-04 234 Fiss_Prod 
142 10 227.83 239Np 5.66E+01 h 5.10E-03 37 239Pu_Parent 
142 4 228.18 239Np 5.66E+01 h 1.08E-01 37 239Pu_Parent 
76 134 229.01 151Pm 2.84E+01 h 2.25E-04 234 Fiss_Prod 
49 35 229.72 135I 6.59E+00 h 2.41E-03 93 Fiss_Prod 
67 7 231.55 143Ce 3.30E+01 h 2.05E-02 52 Fiss_Prod 
76 20 232.43 151Pm 2.84E+01 h 1.04E-02 234 Fiss_Prod 
76 79 232.7 151Pm 2.84E+01 h 8.78E-04 234 Fiss_Prod 
37 112 234.3 132I 2.30E+00 h 2.96E-04 173 Fiss_Prod  
138 18 234.4 237U 1.62E+02 h 2.05E-04 24 237Np_Parent 
76 73 236.2 151Pm 2.84E+01 h 9.45E-04 234 Fiss_Prod 
76 59 236.6 151Pm 2.84E+01 h 1.60E-03 234 Fiss_Prod 
76 53 236.7 151Pm 2.84E+01 h 1.94E-03 234 Fiss_Prod 
76 32 237.1 151Pm 2.84E+01 h 5.18E-03 234 Fiss_Prod 
143 53 237.4 239Pu 2.41E+04 y 1.44E-07 83 SNM 
76 7 240.09 151Pm 2.84E+01 h 3.83E-02 234 Fiss_Prod 
210 4 241.52 92Sr 2.71E+00 h 2.97E-02 5 Fiss_Prod  
60 15 241.93 140La 4.03E+01 h 4.14E-03 38 Fiss_Prod 
222 24 242.29 99Mo 6.60E+01 h 2.55E-05 35 medical_FP 
143 46 243.4 239Pu 2.41E+04 y 2.53E-07 83 SNM 
12 2 245.39 111Ag 7.45E+00 d 1.23E-02 2 Fiss_Prod 
76 145 247.1 151Pm 2.84E+01 h 1.80E-04 234 Fiss_Prod 
49 71 247.5 135I 6.59E+00 h 2.87E-04 93 Fiss_Prod 
76 123 247.8 151Pm 2.84E+01 h 2.93E-04 234 Fiss_Prod 
80 7 247.94 154Eu 8.50E+00 y 6.60E-02 13 Fiss_Prod 
222 18 249.03 99Mo 6.60E+01 h 3.88E-05 35 medical_FP 
51 1 249.79 135Xe 9.14E+00 h 8.99E-01 4 Fiss_Prod 
34 9 249.93 131mTe 3.24E+01 h 7.59E-02 36 Fiss_Prod  
76 192 250.5 151Pm 2.84E+01 h 9.00E-05 234 Fiss_Prod 
37 128 250.8 132I 2.30E+00 h 1.78E-04 173 Fiss_Prod  
37 129 250.8 132I 2.30E+00 h 1.78E-04 173 Fiss_Prod  
221 6 254.17 97Zr 1.69E+01 h 1.15E-02 12 Fiss_Prod 
 241 
76 57 254.28 151Pm 2.84E+01 h 1.69E-03 234 Fiss_Prod 
142 15 254.4 239Np 5.66E+01 h 1.10E-03 37 239Pu_Parent 
49 75 254.74 135I 6.59E+00 h 2.30E-04 93 Fiss_Prod 
37 53 255.1 132I 2.30E+00 h 2.37E-03 173 Fiss_Prod  
37 124 255.1 132I 2.30E+00 h 1.97E-04 173 Fiss_Prod  
143 33 255.4 239Pu 2.41E+04 y 8.00E-07 83 SNM 
76 30 258.11 151Pm 2.84E+01 h 5.63E-03 234 Fiss_Prod 
76 173 261.4 151Pm 2.84E+01 h 1.13E-04 234 Fiss_Prod 
6 5 262.9 105Ru 4.44E+00 h 7.20E-02 17 Fiss_Prod  
37 22 262.9 132I 2.30E+00 h 1.28E-02 173 Fiss_Prod  
143 44 263.9 239Pu 2.41E+04 y 2.65E-07 83 SNM 
49 38 264.26 135I 6.59E+00 h 1.84E-03 93 Fiss_Prod 
60 14 266.54 140La 4.03E+01 h 4.66E-03 38 Fiss_Prod 
214 1 266.9 93Y 1.02E+01 h 7.32E-02 29 Fiss_Prod  
138 8 267.54 237U 1.62E+02 h 7.12E-03 24 237Np_Parent 
147 25 267.6 241Am 4.32E+02 y 2.63E-07 28 SNM 
76 86 270.72 151Pm 2.84E+01 h 6.75E-04 234 Fiss_Prod 
206 10 272.45 89Rb 1.52E+01 m 1.42E-02 12 Fiss_Prod  
142 18 272.84 239Np 5.66E+01 h 7.70E-04 37 239Pu_Parent 
67 29 272.9 143Ce 3.30E+01 h 8.56E-05 52 Fiss_Prod 
214 11 273 93Y 1.02E+01 h 7.13E-04 29 Fiss_Prod  
52 6 273.65 136Cs 1.31E+01 d 1.27E-01 14 Fiss_Prod 
209 8 274.7 91Sr 9.63E+00 h 1.00E-02 8 Fiss_Prod  
59 18 275.18 140Ba 1.20E+01 d 3.66E-06 20 Fiss_Prod 
76 3 275.21 151Pm 2.84E+01 h 6.75E-02 234 Fiss_Prod 
72 10 275.37 147Nd 1.10E+01 d 8.01E-03 18 Fiss_Prod 
142 3 277.6 239Np 5.66E+01 h 1.44E-01 37 239Pu_Parent 
76 94 277.62 151Pm 2.84E+01 h 6.08E-04 234 Fiss_Prod 
76 201 278.2 151Pm 2.84E+01 h 7.88E-05 234 Fiss_Prod 
37 99 278.4 132I 2.30E+00 h 3.95E-04 173 Fiss_Prod  
37 100 278.4 132I 2.30E+00 h 3.95E-04 173 Fiss_Prod  
34 26 278.56 131mTe 3.24E+01 h 1.78E-02 36 Fiss_Prod  
24 13 278.6 126Sb 2.98E+02 h 2.39E-02 18 Fiss_Prod 
76 47 280.09 151Pm 2.84E+01 h 2.32E-03 234 Fiss_Prod 
33 3 284.3 131I 8.02E+00 d 6.05E-02 6 Fiss_Prod  
37 32 284.9 132I 2.30E+00 h 7.11E-03 173 Fiss_Prod  
76 231 285 151Pm 2.84E+01 h 2.25E-05 234 Fiss_Prod 
142 9 285.46 239Np 5.66E+01 h 7.90E-03 37 239Pu_Parent 
214 10 287 93Y 1.02E+01 h 7.50E-04 29 Fiss_Prod  
73 7 288.11 148mPm 4.13E+01 d 1.26E-01 18 Fiss_Prod 
49 12 288.45 135I 6.59E+00 h 3.10E-02 93 Fiss_Prod 
49 31 290.27 135I 6.59E+00 h 3.04E-03 93 Fiss_Prod 
76 29 290.75 151Pm 2.84E+01 h 8.33E-03 234 Fiss_Prod 
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76 174 292.4 151Pm 2.84E+01 h 1.13E-04 234 Fiss_Prod 
138 21 292.7 237U 1.62E+02 h 2.50E-05 24 237Np_Parent 
67 1 293.27 143Ce 3.30E+01 h 4.28E-01 52 Fiss_Prod 
76 162 294.8 151Pm 2.84E+01 h 1.35E-04 234 Fiss_Prod 
76 153 295.2 151Pm 2.84E+01 h 1.58E-04 234 Fiss_Prod 
24 11 296.5 126Sb 2.98E+02 h 4.48E-02 18 Fiss_Prod 
24 10 297.3 126Sb 2.98E+02 h 4.98E-02 18 Fiss_Prod 
143 41 297.5 239Pu 2.41E+04 y 4.98E-07 83 SNM 
76 110 297.8 151Pm 2.84E+01 h 3.83E-04 234 Fiss_Prod 
76 213 298.6 151Pm 2.84E+01 h 6.08E-05 234 Fiss_Prod 
76 163 301.8 151Pm 2.84E+01 h 1.35E-04 234 Fiss_Prod 
37 125 302 132I 2.30E+00 h 1.97E-04 173 Fiss_Prod  
76 127 302.5 151Pm 2.84E+01 h 2.70E-04 234 Fiss_Prod 
76 132 302.8 151Pm 2.84E+01 h 2.48E-04 234 Fiss_Prod 
44 8 302.85 133Xe 5.24E+00 d 4.80E-05 10 Fiss_Prod  
143 63 302.9 239Pu 2.41E+04 y 5.10E-08 83 SNM 
59 5 304.85 140Ba 1.20E+01 d 4.29E-02 20 Fiss_Prod 
49 66 304.91 135I 6.59E+00 h 3.16E-04 93 Fiss_Prod 
49 46 305.83 135I 6.59E+00 h 9.50E-04 93 Fiss_Prod 
37 66 306.7 132I 2.30E+00 h 9.87E-04 173 Fiss_Prod  
37 67 306.7 132I 2.30E+00 h 9.87E-04 173 Fiss_Prod  
76 46 306.74 151Pm 2.84E+01 h 2.39E-03 234 Fiss_Prod 
60 27 306.9 140La 4.03E+01 h 2.48E-04 38 Fiss_Prod 
143 62 307.8 239Pu 2.41E+04 y 5.50E-08 83 SNM 
76 81 308.97 151Pm 2.84E+01 h 8.10E-04 234 Fiss_Prod 
138 24 309.1 237U 1.62E+02 h 2.70E-06 24 237Np_Parent 
37 70 310.1 132I 2.30E+00 h 8.88E-04 173 Fiss_Prod  
37 71 310.4 132I 2.30E+00 h 8.88E-04 173 Fiss_Prod  
76 114 310.8 151Pm 2.84E+01 h 3.60E-04 234 Fiss_Prod 
76 148 310.8 151Pm 2.84E+01 h 1.69E-04 234 Fiss_Prod 
73 12 311.63 148mPm 4.13E+01 d 3.92E-02 18 Fiss_Prod 
143 45 311.7 239Pu 2.41E+04 y 2.58E-07 83 SNM 
76 89 314.92 151Pm 2.84E+01 h 6.30E-04 234 Fiss_Prod 
76 202 315.1 151Pm 2.84E+01 h 7.88E-05 234 Fiss_Prod 
142 7 315.88 239Np 5.66E+01 h 1.60E-02 37 239Pu_Parent 
143 54 316.4 239Pu 2.41E+04 y 1.32E-07 83 SNM 
6 4 316.5 105Ru 4.44E+00 h 1.17E-01 17 Fiss_Prod  
37 61 316.7 132I 2.30E+00 h 1.28E-03 173 Fiss_Prod  
72 6 319.41 147Nd 1.10E+01 d 1.95E-02 18 Fiss_Prod 
143 39 320.9 239Pu 2.41E+04 y 5.42E-07 83 SNM 
76 71 321.87 151Pm 2.84E+01 h 9.68E-04 234 Fiss_Prod 
142 25 322.26 239Np 5.66E+01 h 5.20E-05 37 239Pu_Parent 
143 40 323.8 239Pu 2.41E+04 y 5.39E-07 83 SNM 
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76 18 323.94 151Pm 2.84E+01 h 1.22E-02 234 Fiss_Prod 
76 160 325.2 151Pm 2.84E+01 h 1.46E-04 234 Fiss_Prod 
76 67 325.8 151Pm 2.84E+01 h 1.06E-03 234 Fiss_Prod 
49 91 326 135I 6.59E+00 h 2.30E-05 93 Fiss_Prod 
6 15 326.1 105Ru 4.44E+00 h 1.18E-02 17 Fiss_Prod  
60 4 328.76 140La 4.03E+01 h 2.03E-01 38 Fiss_Prod 
76 164 329 151Pm 2.84E+01 h 1.35E-04 234 Fiss_Prod 
76 48 329.75 151Pm 2.84E+01 h 2.21E-03 234 Fiss_Prod 
23 6 331.9 125Sn 9.64E+00 d 1.29E-02 7 Fiss_Prod 
147 16 332.3 241Am 4.32E+02 y 1.49E-06 28 SNM 
138 7 332.36 237U 1.62E+02 h 1.20E-02 24 237Np_Parent 
143 14 332.8 239Pu 2.41E+04 y 4.94E-06 83 SNM 
49 60 333.6 135I 6.59E+00 h 3.73E-04 93 Fiss_Prod 
34 6 334.27 131mTe 3.24E+01 h 9.57E-02 36 Fiss_Prod  
142 6 334.31 239Np 5.66E+01 h 2.07E-02 37 239Pu_Parent 
138 13 335.38 237U 1.62E+02 h 9.51E-04 24 237Np_Parent 
147 11 335.41 241Am 4.32E+02 y 4.96E-06 28 SNM 
143 27 336.11 239Pu 2.41E+04 y 1.12E-06 83 SNM 
138 19 337.7 237U 1.62E+02 h 8.90E-05 24 237Np_Parent 
67 49 338.3 143Ce 3.30E+01 h 8.56E-06 52 Fiss_Prod 
76 1 340.08 151Pm 2.84E+01 h 2.25E-01 234 Fiss_Prod 
138 22 340.45 237U 1.62E+02 h 1.65E-05 24 237Np_Parent 
52 3 340.57 136Cs 1.31E+01 d 4.85E-01 14 Fiss_Prod 
76 83 341 151Pm 2.84E+01 h 7.43E-04 234 Fiss_Prod 
214 15 341.5 93Y 1.02E+01 h 4.43E-04 29 Fiss_Prod  
143 35 341.51 239Pu 2.41E+04 y 6.62E-07 83 SNM 
12 1 342.13 111Ag 7.45E+00 d 6.68E-02 2 Fiss_Prod 
49 93 342.52 135I 6.59E+00 h 8.61E-06 93 Fiss_Prod 
37 72 343.7 132I 2.30E+00 h 8.88E-04 173 Fiss_Prod  
76 10 344.9 151Pm 2.84E+01 h 2.12E-02 234 Fiss_Prod 
143 13 345.01 239Pu 2.41E+04 y 5.56E-06 83 SNM 
76 111 346.1 151Pm 2.84E+01 h 3.83E-04 234 Fiss_Prod 
76 188 348.8 151Pm 2.84E+01 h 9.23E-05 234 Fiss_Prod 
76 62 349.81 151Pm 2.84E+01 h 1.42E-03 234 Fiss_Prod 
6 16 350.2 105Ru 4.44E+00 h 1.10E-02 17 Fiss_Prod  
67 5 350.62 143Ce 3.30E+01 h 3.23E-02 52 Fiss_Prod 
37 75 351.8 132I 2.30E+00 h 7.90E-04 173 Fiss_Prod  
76 154 352.3 151Pm 2.84E+01 h 1.58E-04 234 Fiss_Prod 
76 68 353.32 151Pm 2.84E+01 h 1.06E-03 234 Fiss_Prod 
221 4 355.39 97Zr 1.69E+01 h 2.28E-02 12 Fiss_Prod 
76 203 356.9 151Pm 2.84E+01 h 7.88E-05 234 Fiss_Prod 
67 51 357.8 143Ce 3.30E+01 h 5.99E-06 52 Fiss_Prod 
76 159 358.4 151Pm 2.84E+01 h 1.53E-04 234 Fiss_Prod 
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76 180 360.9 151Pm 2.84E+01 h 1.06E-04 234 Fiss_Prod 
49 37 361.85 135I 6.59E+00 h 1.87E-03 93 Fiss_Prod 
143 55 361.9 239Pu 2.41E+04 y 1.22E-07 83 SNM 
204 12 362.23 88Kr 2.84E+00 h 2.25E-02 20 Fiss_Prod  
37 38 363.34 132I 2.30E+00 h 4.94E-03 173 Fiss_Prod  
33 1 364.48 131I 8.02E+00 d 8.12E-01 6 Fiss_Prod  
34 34 364.98 131mTe 3.24E+01 h 1.20E-02 36 Fiss_Prod  
222 5 366.42 99Mo 6.60E+01 h 1.19E-02 35 medical_FP 
143 30 367.05 239Pu 2.41E+04 y 8.90E-07 83 SNM 
138 14 368.59 237U 1.62E+02 h 3.92E-04 24 237Np_Parent 
143 31 368.6 239Pu 2.41E+04 y 8.80E-07 83 SNM 
147 14 368.61 241Am 4.32E+02 y 2.17E-06 28 SNM 
76 151 369 151Pm 2.84E+01 h 1.64E-04 234 Fiss_Prod 
147 21 370.93 241Am 4.32E+02 y 5.23E-07 28 SNM 
138 11 370.94 237U 1.62E+02 h 1.07E-03 24 237Np_Parent 
67 22 371.29 143Ce 3.30E+01 h 2.48E-04 52 Fiss_Prod 
76 139 374.2 151Pm 2.84E+01 h 2.21E-04 234 Fiss_Prod 
143 6 375.04 239Pu 2.41E+04 y 1.55E-05 83 SNM 
147 17 376.6 241Am 4.32E+02 y 1.38E-06 28 SNM 
76 155 376.9 151Pm 2.84E+01 h 1.58E-04 234 Fiss_Prod 
76 183 378.5 151Pm 2.84E+01 h 1.01E-04 234 Fiss_Prod 
76 22 379.86 151Pm 2.84E+01 h 9.45E-03 234 Fiss_Prod 
222 14 380.13 99Mo 6.60E+01 h 1.04E-04 35 medical_FP 
143 16 380.17 239Pu 2.41E+04 y 3.05E-06 83 SNM 
22 13 380.44 125Sb 2.76E+00 y 1.50E-02 13 Fiss_Prod 
76 141 381.2 151Pm 2.84E+01 h 2.03E-04 234 Fiss_Prod 
143 18 382.75 239Pu 2.41E+04 y 2.59E-06 83 SNM 
147 24 383.74 241Am 4.32E+02 y 2.82E-07 28 SNM 
44 9 383.85 133Xe 5.24E+00 d 2.40E-05 10 Fiss_Prod  
214 27 387.5 93Y 1.02E+01 h 7.50E-05 29 Fiss_Prod  
37 46 387.9 132I 2.30E+00 h 2.96E-03 173 Fiss_Prod  
37 47 387.9 132I 2.30E+00 h 2.96E-03 173 Fiss_Prod  
37 48 387.9 132I 2.30E+00 h 2.96E-03 173 Fiss_Prod  
67 16 389.64 143Ce 3.30E+01 h 3.64E-04 52 Fiss_Prod 
76 99 390.67 151Pm 2.84E+01 h 5.40E-04 234 Fiss_Prod 
222 20 391.7 99Mo 6.60E+01 h 3.15E-05 35 medical_FP 
142 29 392.4 239Np 5.66E+01 h 1.60E-05 37 239Pu_Parent 
84 17 392.49 160Tb 1.98E-01 y 1.28E-02 17 Fiss_Prod 
143 20 392.5 239Pu 2.41E+04 y 2.05E-06 83 SNM 
143 15 393.1 239Pu 2.41E+04 y 3.48E-06 83 SNM 
6 6 393.4 105Ru 4.44E+00 h 4.20E-02 17 Fiss_Prod  
76 108 395.63 151Pm 2.84E+01 h 4.28E-04 234 Fiss_Prod 
60 20 397.52 140La 4.03E+01 h 7.35E-04 38 Fiss_Prod 
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72 8 398.16 147Nd 1.10E+01 d 8.70E-03 18 Fiss_Prod 
76 121 398.9 151Pm 2.84E+01 h 3.15E-04 234 Fiss_Prod 
76 208 400.5 151Pm 2.84E+01 h 6.98E-05 234 Fiss_Prod 
49 36 403.03 135I 6.59E+00 h 2.32E-03 93 Fiss_Prod 
76 88 404.74 151Pm 2.84E+01 h 6.53E-04 234 Fiss_Prod 
76 55 407.03 151Pm 2.84E+01 h 1.87E-03 234 Fiss_Prod 
222 27 410.27 99Mo 6.60E+01 h 1.94E-05 35 medical_FP 
72 15 410.48 147Nd 1.10E+01 d 1.40E-03 18 Fiss_Prod 
76 90 410.75 151Pm 2.84E+01 h 6.30E-04 234 Fiss_Prod 
143 59 411.2 239Pu 2.41E+04 y 6.80E-08 83 SNM 
222 12 411.49 99Mo 6.60E+01 h 1.46E-04 35 medical_FP 
6 8 413.5 105Ru 4.44E+00 h 2.48E-02 17 Fiss_Prod  
143 7 413.71 239Pu 2.41E+04 y 1.47E-05 83 SNM 
73 5 414.07 148mPm 4.13E+01 d 1.87E-01 18 Fiss_Prod 
24 3 414.7 126Sb 2.98E+02 h 8.33E-01 18 Fiss_Prod 
49 33 414.83 135I 6.59E+00 h 3.01E-03 93 Fiss_Prod 
76 138 415.7 151Pm 2.84E+01 h 2.23E-04 234 Fiss_Prod 
67 34 416.57 143Ce 3.30E+01 h 6.85E-05 52 Fiss_Prod 
37 39 416.8 132I 2.30E+00 h 4.74E-03 173 Fiss_Prod  
76 157 416.8 151Pm 2.84E+01 h 1.55E-04 234 Fiss_Prod 
49 11 417.63 135I 6.59E+00 h 3.53E-02 93 Fiss_Prod 
31 4 418.01 130I 1.24E+01 h 3.42E-01 8 Fiss_Prod  
59 12 418.44 140Ba 1.20E+01 d 3.66E-05 20 Fiss_Prod 
76 97 420.65 151Pm 2.84E+01 h 5.63E-04 234 Fiss_Prod 
143 25 422.6 239Pu 2.41E+04 y 1.22E-06 83 SNM 
59 6 423.72 140Ba 1.20E+01 d 3.15E-02 20 Fiss_Prod 
76 102 424.55 151Pm 2.84E+01 h 4.95E-04 234 Fiss_Prod 
76 185 425.6 151Pm 2.84E+01 h 9.90E-05 234 Fiss_Prod 
143 47 426.7 239Pu 2.41E+04 y 2.33E-07 83 SNM 
76 91 427.25 151Pm 2.84E+01 h 6.30E-04 234 Fiss_Prod 
22 1 427.89 125Sb 2.76E+00 y 2.93E-01 13 Fiss_Prod 
76 156 429.1 151Pm 2.84E+01 h 1.58E-04 234 Fiss_Prod 
142 27 429.5 239Np 5.66E+01 h 3.90E-05 37 239Pu_Parent 
49 32 429.93 135I 6.59E+00 h 3.04E-03 93 Fiss_Prod 
143 66 430.1 239Pu 2.41E+04 y 4.30E-08 83 SNM 
210 3 430.56 92Sr 2.71E+00 h 3.33E-02 5 Fiss_Prod  
37 40 431.8 132I 2.30E+00 h 4.74E-03 173 Fiss_Prod  
60 9 432.49 140La 4.03E+01 h 2.90E-02 38 Fiss_Prod 
73 11 432.78 148mPm 4.13E+01 d 5.35E-02 18 Fiss_Prod 
67 11 433 143Ce 3.30E+01 h 1.59E-03 52 Fiss_Prod 
49 27 433.74 135I 6.59E+00 h 5.54E-03 93 Fiss_Prod 
142 21 434.7 239Np 5.66E+01 h 1.30E-04 37 239Pu_Parent 
59 7 437.58 140Ba 1.20E+01 d 1.93E-02 20 Fiss_Prod 
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67 36 438.43 143Ce 3.30E+01 h 4.28E-05 52 Fiss_Prod 
60 25 438.5 140La 4.03E+01 h 3.91E-04 38 Fiss_Prod 
72 7 439.9 147Nd 1.10E+01 d 1.20E-02 18 Fiss_Prod 
76 14 440.85 151Pm 2.84E+01 h 1.51E-02 234 Fiss_Prod 
76 135 443.8 151Pm 2.84E+01 h 2.25E-04 234 Fiss_Prod 
37 68 445 132I 2.30E+00 h 9.87E-04 173 Fiss_Prod  
60 38 445.5 140La 4.03E+01 h 2.86E-05 38 Fiss_Prod 
76 5 445.68 151Pm 2.84E+01 h 4.01E-02 234 Fiss_Prod 
143 57 445.7 239Pu 2.41E+04 y 8.80E-08 83 SNM 
67 24 446.02 143Ce 3.30E+01 h 1.50E-04 52 Fiss_Prod 
37 33 446.2 132I 2.30E+00 h 6.02E-03 173 Fiss_Prod  
11 13 446.8 110mAg 6.84E-01 y 3.64E-02 15 Fiss_Prod 
67 14 447.45 143Ce 3.30E+01 h 5.99E-04 52 Fiss_Prod 
142 37 447.6 239Np 5.66E+01 h 2.60E-06 37 239Pu_Parent 
76 142 448.7 151Pm 2.84E+01 h 2.03E-04 234 Fiss_Prod 
76 43 451.4 151Pm 2.84E+01 h 2.88E-03 234 Fiss_Prod 
143 21 451.5 239Pu 2.41E+04 y 1.89E-06 83 SNM 
49 29 451.63 135I 6.59E+00 h 3.16E-03 93 Fiss_Prod 
76 165 452.2 151Pm 2.84E+01 h 1.35E-04 234 Fiss_Prod 
34 29 452.32 131mTe 3.24E+01 h 1.55E-02 36 Fiss_Prod  
36 2 452.32 131Te 2.50E+01 m 1.82E-01 14 Fiss_Prod  
142 34 454.2 239Np 5.66E+01 h 8.20E-06 37 239Pu_Parent 
76 166 454.4 151Pm 2.84E+01 h 1.35E-04 234 Fiss_Prod 
222 29 455.84 99Mo 6.60E+01 h 1.33E-05 35 medical_FP 
76 112 456.05 151Pm 2.84E+01 h 3.83E-04 234 Fiss_Prod 
76 216 457.5 151Pm 2.84E+01 h 4.50E-05 234 Fiss_Prod 
143 77 457.6 239Pu 2.41E+04 y 1.49E-08 83 SNM 
222 15 457.6 99Mo 6.60E+01 h 8.13E-05 35 medical_FP 
30 2 459.6 129Te 3.36E+01 d 7.10E-02 4 Fiss_Prod  
143 72 461.3 239Pu 2.41E+04 y 2.27E-08 83 SNM 
142 30 461.9 239Np 5.66E+01 h 1.60E-05 37 239Pu_Parent 
76 115 462.24 151Pm 2.84E+01 h 3.60E-04 234 Fiss_Prod 
34 25 462.92 131mTe 3.24E+01 h 1.82E-02 36 Fiss_Prod  
22 6 463.38 125Sb 2.76E+00 y 1.04E-01 13 Fiss_Prod 
76 193 463.8 151Pm 2.84E+01 h 9.00E-05 234 Fiss_Prod 
76 175 467.2 151Pm 2.84E+01 h 1.13E-04 234 Fiss_Prod 
59 15 467.5 140Ba 1.20E+01 d 1.95E-05 20 Fiss_Prod 
6 2 469.4 105Ru 4.44E+00 h 1.75E-01 17 Fiss_Prod  
222 23 469.63 99Mo 6.60E+01 h 2.67E-05 35 medical_FP 
23 7 469.7 125Sn 9.64E+00 d 1.29E-02 7 Fiss_Prod 
142 31 469.8 239Np 5.66E+01 h 1.10E-05 37 239Pu_Parent 
6 13 470 105Ru 4.44E+00 h 1.30E-02 17 Fiss_Prod  
76 146 470.5 151Pm 2.84E+01 h 1.80E-04 234 Fiss_Prod 
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76 147 471.3 151Pm 2.84E+01 h 1.80E-04 234 Fiss_Prod 
76 167 471.4 151Pm 2.84E+01 h 1.35E-04 234 Fiss_Prod 
37 56 473.6 132I 2.30E+00 h 1.68E-03 173 Fiss_Prod  
76 209 473.8 151Pm 2.84E+01 h 6.75E-05 234 Fiss_Prod 
45 8 475.35 134Cs 5.24E+00 d 1.46E-02 9 Fiss_Prod 
76 74 477.75 151Pm 2.84E+01 h 9.45E-04 234 Fiss_Prod 
37 57 478.2 132I 2.30E+00 h 1.68E-03 173 Fiss_Prod  
143 65 481.5 239Pu 2.41E+04 y 4.60E-08 83 SNM 
142 32 484.3 239Np 5.66E+01 h 1.00E-05 37 239Pu_Parent 
60 2 487.02 140La 4.03E+01 h 4.55E-01 38 Fiss_Prod 
76 149 487.1 151Pm 2.84E+01 h 1.69E-04 234 Fiss_Prod 
30 4 487.39 129Te 3.36E+01 d 1.31E-02 4 Fiss_Prod  
37 41 488 132I 2.30E+00 h 4.15E-03 173 Fiss_Prod  
37 42 488 132I 2.30E+00 h 4.15E-03 173 Fiss_Prod  
72 14 489.24 147Nd 1.10E+01 d 1.53E-03 18 Fiss_Prod 
76 65 490.26 151Pm 2.84E+01 h 1.26E-03 234 Fiss_Prod 
67 6 490.37 143Ce 3.30E+01 h 2.16E-02 52 Fiss_Prod 
222 30 490.53 99Mo 6.60E+01 h 1.09E-05 35 medical_FP 
142 24 492.3 239Np 5.66E+01 h 6.00E-05 37 239Pu_Parent 
36 5 492.66 131Te 2.50E+01 m 4.84E-02 14 Fiss_Prod  
76 176 494.9 151Pm 2.84E+01 h 1.13E-04 234 Fiss_Prod 
76 168 495.5 151Pm 2.84E+01 h 1.35E-04 234 Fiss_Prod 
4 1 497.08 103Ru 3.94E+01 d 8.89E-01 2 Fiss_Prod  
142 28 497.8 239Np 5.66E+01 h 3.20E-05 37 239Pu_Parent 
67 15 497.81 143Ce 3.30E+01 h 4.45E-04 52 Fiss_Prod 
142 33 498.7 239Np 5.66E+01 h 1.00E-05 37 239Pu_Parent 
6 9 499.2 105Ru 4.44E+00 h 2.40E-02 17 Fiss_Prod  
73 9 501.26 148mPm 4.13E+01 d 6.75E-02 18 Fiss_Prod 
76 217 503.7 151Pm 2.84E+01 h 4.50E-05 234 Fiss_Prod 
142 36 504.2 239Np 5.66E+01 h 7.80E-06 37 239Pu_Parent 
37 8 505.79 132I 2.30E+00 h 4.94E-02 173 Fiss_Prod  
76 103 507.27 151Pm 2.84E+01 h 4.73E-04 234 Fiss_Prod 
221 2 507.64 97Zr 1.69E+01 h 5.03E-02 12 Fiss_Prod 
76 197 510.1 151Pm 2.84E+01 h 8.55E-05 234 Fiss_Prod 
40 4 510.53 133I 2.08E+01 h 1.81E-02 7 Fiss_Prod  
83 1 511 15O 1.22E+02 s 2.00E+00 1 c 
143 81 511 239Pu 2.41E+04 y 1.00E-08 83 SNM 
193 5 511 65Zn 6.67E-01 y 2.83E-02 5 Fiss_Prod 
7 1 512 106Rh 1.00E+00 y 2.06E-01 3 Fiss_Prod 
76 54 516.25 151Pm 2.84E+01 h 1.94E-03 234 Fiss_Prod 
76 122 521.1 151Pm 2.84E+01 h 3.15E-04 234 Fiss_Prod 
37 4 522.65 132I 2.30E+00 h 1.60E-01 173 Fiss_Prod  
67 44 523 143Ce 3.30E+01 h 1.71E-05 52 Fiss_Prod 
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50 1 526.56 135mXe 1.53E+01 m 8.10E-01 5 Fiss_Prod 
222 9 528.79 99Mo 6.60E+01 h 5.70E-04 35 medical_FP 
40 1 529.87 133I 2.08E+01 h 8.63E-01 7 Fiss_Prod  
49 67 530.8 135I 6.59E+00 h 3.16E-04 93 Fiss_Prod 
72 3 531.02 147Nd 1.10E+01 d 1.31E-01 18 Fiss_Prod 
76 118 532.5 151Pm 2.84E+01 h 3.38E-04 234 Fiss_Prod 
37 36 535.4 132I 2.30E+00 h 5.13E-03 173 Fiss_Prod  
31 1 536.09 130I 1.24E+01 h 9.90E-01 8 Fiss_Prod  
59 1 537.26 140Ba 1.20E+01 d 2.44E-01 20 Fiss_Prod 
76 105 537.65 151Pm 2.84E+01 h 4.50E-04 234 Fiss_Prod 
222 19 537.79 99Mo 6.60E+01 h 3.28E-05 35 medical_FP 
31 7 539.1 130I 1.24E+01 h 1.40E-02 8 Fiss_Prod  
49 7 546.56 135I 6.59E+00 h 7.15E-02 93 Fiss_Prod 
37 25 547.2 132I 2.30E+00 h 1.14E-02 173 Fiss_Prod  
73 1 550.27 148mPm 4.13E+01 d 9.49E-01 18 Fiss_Prod 
74 2 550.27 148Pm 5.37E+00 d 2.20E-01 5 Fiss_Prod 
76 158 550.7 151Pm 2.84E+01 h 1.55E-04 234 Fiss_Prod 
59 13 551.08 140Ba 1.20E+01 d 3.12E-05 20 Fiss_Prod 
76 152 554.2 151Pm 2.84E+01 h 1.62E-04 234 Fiss_Prod 
197 2 554.32 82Br 3.53E+01 h 7.06E-01 11 Fiss_Prod 
24 16 555.2 126Sb 2.98E+02 h 1.69E-02 18 Fiss_Prod 
67 18 556.87 143Ce 3.30E+01 h 3.17E-04 52 Fiss_Prod 
208 1 557.57 91mY 4.97E+01 m 9.51E-01 2 Fiss_Prod  
37 73 559.7 132I 2.30E+00 h 8.88E-04 173 Fiss_Prod  
216 3 561.88 95Nb 3.50E+01 d 1.30E-04 3 Fiss_Prod 
76 143 562.1 151Pm 2.84E+01 h 1.91E-04 234 Fiss_Prod 
45 5 563.23 134Cs 5.24E+00 d 8.38E-02 9 Fiss_Prod 
76 38 565 151Pm 2.84E+01 h 3.53E-03 234 Fiss_Prod 
45 3 569.32 134Cs 5.24E+00 d 1.54E-01 9 Fiss_Prod 
67 35 569.91 143Ce 3.30E+01 h 5.14E-05 52 Fiss_Prod 
37 84 572.5 132I 2.30E+00 h 5.92E-04 173 Fiss_Prod  
76 100 572.5 151Pm 2.84E+01 h 5.18E-04 234 Fiss_Prod 
76 124 573.2 151Pm 2.84E+01 h 2.93E-04 234 Fiss_Prod 
24 9 573.8 126Sb 2.98E+02 h 6.68E-02 18 Fiss_Prod 
76 66 574.97 151Pm 2.84E+01 h 1.17E-03 234 Fiss_Prod 
76 227 575.1 151Pm 2.84E+01 h 2.93E-05 234 Fiss_Prod 
6 17 575.3 105Ru 4.44E+00 h 1.07E-02 17 Fiss_Prod  
49 43 575.97 135I 6.59E+00 h 1.29E-03 93 Fiss_Prod 
222 21 580.51 99Mo 6.60E+01 h 3.15E-05 35 medical_FP 
76 218 581.1 151Pm 2.84E+01 h 4.50E-05 234 Fiss_Prod 
222 32 581.3 99Mo 6.60E+01 h 9.70E-06 35 medical_FP 
76 128 583.1 151Pm 2.84E+01 h 2.57E-04 234 Fiss_Prod 
76 198 584.9 151Pm 2.84E+01 h 8.55E-05 234 Fiss_Prod 
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31 6 586.05 130I 1.24E+01 h 1.69E-02 8 Fiss_Prod  
34 23 586.3 131mTe 3.24E+01 h 1.98E-02 36 Fiss_Prod  
67 10 587.2 143Ce 3.30E+01 h 2.67E-03 52 Fiss_Prod 
49 57 588.28 135I 6.59E+00 h 5.17E-04 93 Fiss_Prod 
72 17 589.35 147Nd 1.10E+01 d 4.58E-04 18 Fiss_Prod 
37 80 591.1 132I 2.30E+00 h 6.91E-04 173 Fiss_Prod  
37 81 591.1 132I 2.30E+00 h 6.91E-04 173 Fiss_Prod  
80 8 591.81 154Eu 8.50E+00 y 4.83E-02 13 Fiss_Prod 
24 7 593 126Sb 2.98E+02 h 7.47E-02 18 Fiss_Prod 
76 184 593.6 151Pm 2.84E+01 h 1.01E-04 234 Fiss_Prod 
67 43 594.5 143Ce 3.30E+01 h 2.14E-05 52 Fiss_Prod 
72 12 594.8 147Nd 1.10E+01 d 2.65E-03 18 Fiss_Prod 
76 82 597.7 151Pm 2.84E+01 h 7.88E-04 234 Fiss_Prod 
76 194 598 151Pm 2.84E+01 h 9.00E-05 234 Fiss_Prod 
143 75 598 239Pu 2.41E+04 y 1.67E-08 83 SNM 
76 204 599.1 151Pm 2.84E+01 h 7.65E-05 234 Fiss_Prod 
82 21 599.47 156Eu 1.52E+01 d 2.31E-02 29 Fiss_Prod 
222 26 599.6 99Mo 6.60E+01 h 2.06E-05 35 medical_FP 
73 8 599.74 148mPm 4.13E+01 d 1.25E-01 18 Fiss_Prod 
37 62 600 132I 2.30E+00 h 1.28E-03 173 Fiss_Prod  
37 63 600 132I 2.30E+00 h 1.28E-03 173 Fiss_Prod  
22 3 600.56 125Sb 2.76E+00 y 1.78E-01 13 Fiss_Prod 
36 6 602.04 131Te 2.50E+01 m 4.20E-02 14 Fiss_Prod  
221 5 602.37 97Zr 1.69E+01 h 1.38E-02 12 Fiss_Prod 
19 1 602.71 124Sb 1.65E-01 y 9.79E-01 13 Fiss_Prod 
76 177 603 151Pm 2.84E+01 h 1.13E-04 234 Fiss_Prod 
76 200 604 151Pm 2.84E+01 h 8.10E-05 234 Fiss_Prod 
45 1 604.7 134Cs 2.06E+00 y 9.76E-01 9 Fiss_Prod 
76 187 605.9 151Pm 2.84E+01 h 9.68E-05 234 Fiss_Prod 
197 11 606.3 82Br 3.53E+01 h 1.17E-02 11 Fiss_Prod 
22 9 606.64 125Sb 2.76E+00 y 5.02E-02 13 Fiss_Prod 
51 2 608.19 135Xe 9.14E+00 h 2.90E-02 4 Fiss_Prod 
76 104 609.25 151Pm 2.84E+01 h 4.73E-04 234 Fiss_Prod 
37 101 609.8 132I 2.30E+00 h 3.95E-04 173 Fiss_Prod  
4 2 610.33 103Ru 3.94E+01 d 5.60E-02 2 Fiss_Prod  
73 10 611.26 148mPm 4.13E+01 d 5.48E-02 18 Fiss_Prod 
74 5 611.26 148Pm 5.37E+00 d 1.02E-02 5 Fiss_Prod 
197 4 613.83 82Br 3.53E+01 h 2.82E-01 11 Fiss_Prod 
67 26 614.22 143Ce 3.30E+01 h 1.20E-04 52 Fiss_Prod 
49 61 616.9 135I 6.59E+00 h 3.73E-04 93 Fiss_Prod 
143 78 617.1 239Pu 2.41E+04 y 1.34E-08 83 SNM 
60 26 618.12 140La 4.03E+01 h 3.72E-04 38 Fiss_Prod 
143 74 618.3 239Pu 2.41E+04 y 2.04E-08 83 SNM 
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147 20 619.01 241Am 4.32E+02 y 5.94E-07 28 SNM 
197 3 619.07 82Br 3.53E+01 h 4.31E-01 11 Fiss_Prod 
143 79 619.2 239Pu 2.41E+04 y 1.21E-08 83 SNM 
222 25 620.03 99Mo 6.60E+01 h 2.30E-05 35 medical_FP 
209 6 620.1 91Sr 9.63E+00 h 1.72E-02 8 Fiss_Prod  
11 14 620.35 110mAg 6.84E-01 y 2.77E-02 15 Fiss_Prod 
76 84 620.6 151Pm 2.84E+01 h 7.20E-04 234 Fiss_Prod 
37 44 620.9 132I 2.30E+00 h 3.95E-03 173 Fiss_Prod  
37 18 621.2 132I 2.30E+00 h 1.58E-02 173 Fiss_Prod  
222 10 621.77 99Mo 6.60E+01 h 2.58E-04 35 medical_FP 
7 2 621.84 106Rh 1.00E+00 y 9.81E-02 3 Fiss_Prod 
8 1 622.2 106Ru 1.00E+00 y 9.95E-02 2 Fiss_Prod 
73 2 629.97 148mPm 4.13E+01 d 8.90E-01 18 Fiss_Prod 
37 5 630.19 132I 2.30E+00 h 1.33E-01 173 Fiss_Prod  
34 18 631.94 131mTe 3.24E+01 h 3.55E-02 36 Fiss_Prod  
143 71 633.15 239Pu 2.41E+04 y 2.53E-08 83 SNM 
22 5 635.89 125Sb 2.76E+00 y 1.13E-01 13 Fiss_Prod 
76 15 636.2 151Pm 2.84E+01 h 1.42E-02 234 Fiss_Prod 
33 2 636.97 131I 8.02E+00 d 7.26E-02 6 Fiss_Prod  
143 70 637.84 239Pu 2.41E+04 y 2.56E-08 83 SNM 
143 58 640.08 239Pu 2.41E+04 y 8.20E-08 83 SNM 
37 102 642.2 132I 2.30E+00 h 3.95E-04 173 Fiss_Prod  
145 5 642.48 240Pu 6.54E+03 y 1.30E-07 5 SNM 
19 4 645.85 124Sb 1.65E-01 y 7.26E-02 13 Fiss_Prod 
143 51 645.97 239Pu 2.41E+04 y 1.52E-07 83 SNM 
82 5 646.29 156Eu 1.52E+01 d 7.09E-02 29 Fiss_Prod 
49 28 649.85 135I 6.59E+00 h 4.56E-03 93 Fiss_Prod 
143 82 650 239Pu 2.41E+04 y 1.00E-08 83 SNM 
37 13 650.5 132I 2.30E+00 h 2.57E-02 173 Fiss_Prod  
143 60 652.07 239Pu 2.41E+04 y 6.55E-08 83 SNM 
209 5 652.3 91Sr 9.63E+00 h 2.89E-02 8 Fiss_Prod  
209 3 652.9 91Sr 9.63E+00 h 7.80E-02 8 Fiss_Prod  
147 22 653.02 241Am 4.32E+02 y 3.77E-07 28 SNM 
76 45 654.25 151Pm 2.84E+01 h 2.41E-03 234 Fiss_Prod 
36 11 654.26 131Te 2.50E+01 m 1.53E-02 14 Fiss_Prod  
143 73 654.88 239Pu 2.41E+04 y 2.25E-08 83 SNM 
76 178 655.6 151Pm 2.84E+01 h 1.13E-04 234 Fiss_Prod 
49 49 656.09 135I 6.59E+00 h 7.46E-04 93 Fiss_Prod 
6 10 656.1 105Ru 4.44E+00 h 2.40E-02 17 Fiss_Prod  
24 15 656.3 126Sb 2.98E+02 h 2.19E-02 18 Fiss_Prod 
206 4 657.71 89Rb 1.52E+01 m 9.98E-02 12 Fiss_Prod  
10 1 657.75 110Ag 2.46E+01 s 4.49E-02 1 Fiss_Prod 
11 1 657.75 110mAg 6.84E-01 y 9.44E-01 15 Fiss_Prod 
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219 1 657.9 97Nb 7.21E+01 m 9.81E-01 2 Fiss_Prod 
143 56 658.93 239Pu 2.41E+04 y 9.69E-08 83 SNM 
76 136 661.55 151Pm 2.84E+01 h 2.25E-04 234 Fiss_Prod 
53 1 661.6 137Cs 3.02E+01 y 8.51E-01 1 Fiss_Prod 
54 1 661.65 137mBa 2.55E+00 m 9.00E-01 5 Fiss_Prod 
147 13 662.42 241Am 4.32E+02 y 3.64E-06 28 SNM 
76 75 663.5 151Pm 2.84E+01 h 9.45E-04 234 Fiss_Prod 
67 3 664.57 143Ce 3.30E+01 h 5.69E-02 52 Fiss_Prod 
143 76 664.59 239Pu 2.41E+04 y 1.66E-08 83 SNM 
34 15 665.05 131mTe 3.24E+01 h 4.34E-02 36 Fiss_Prod  
24 1 666.33 126Sb 2.98E+02 h 9.96E-01 18 Fiss_Prod 
37 1 667.72 132I 2.30E+00 h 9.87E-01 173 Fiss_Prod  
76 224 668.5 151Pm 2.84E+01 h 3.38E-05 234 Fiss_Prod 
31 2 668.54 130I 1.24E+01 h 9.61E-01 8 Fiss_Prod  
76 37 668.7 151Pm 2.84E+01 h 3.60E-03 234 Fiss_Prod 
76 42 669.2 151Pm 2.84E+01 h 2.93E-03 234 Fiss_Prod 
37 9 669.8 132I 2.30E+00 h 4.64E-02 173 Fiss_Prod  
67 32 670.12 143Ce 3.30E+01 h 8.13E-05 52 Fiss_Prod 
76 24 671.28 151Pm 2.84E+01 h 9.00E-03 234 Fiss_Prod 
37 10 671.4 132I 2.30E+00 h 3.45E-02 173 Fiss_Prod  
22 12 671.41 125Sb 2.76E+00 y 1.81E-02 13 Fiss_Prod 
24 12 675 126Sb 2.98E+02 h 3.69E-02 18 Fiss_Prod 
67 50 675.5 143Ce 3.30E+01 h 8.56E-06 52 Fiss_Prod 
6 3 676.4 105Ru 4.44E+00 h 1.67E-01 17 Fiss_Prod  
11 8 677.61 110mAg 6.84E-01 y 1.07E-01 15 Fiss_Prod 
76 106 678.3 151Pm 2.84E+01 h 4.50E-04 234 Fiss_Prod 
49 56 679.22 135I 6.59E+00 h 5.45E-04 93 Fiss_Prod 
214 4 680.2 93Y 1.02E+01 h 6.58E-03 29 Fiss_Prod  
72 18 680.52 147Nd 1.10E+01 d 1.95E-04 18 Fiss_Prod 
67 30 682.82 143Ce 3.30E+01 h 8.56E-05 52 Fiss_Prod 
37 76 684.4 132I 2.30E+00 h 7.90E-04 173 Fiss_Prod  
49 76 684.6 135I 6.59E+00 h 2.30E-04 93 Fiss_Prod 
72 9 685.9 147Nd 1.10E+01 d 8.12E-03 18 Fiss_Prod 
31 8 685.99 130I 1.24E+01 h 1.07E-02 8 Fiss_Prod  
11 10 686.99 110mAg 6.84E-01 y 6.47E-02 15 Fiss_Prod 
37 103 687.8 132I 2.30E+00 h 3.95E-04 173 Fiss_Prod  
147 23 688.7 241Am 4.32E+02 y 3.25E-07 28 SNM 
222 34 689.6 99Mo 6.60E+01 h 4.25E-06 35 medical_FP 
49 44 690.13 135I 6.59E+00 h 1.29E-03 93 Fiss_Prod 
80 11 692.41 154Eu 8.50E+00 y 1.69E-02 13 Fiss_Prod 
24 2 695 126Sb 2.98E+02 h 9.96E-01 18 Fiss_Prod 
36 14 696.01 131Te 2.50E+01 m 1.19E-02 14 Fiss_Prod  
71 1 696.49 144Pr 7.79E-01 y 1.48E-02 3 Fiss_Prod 
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24 5 697 126Sb 2.98E+02 h 2.89E-01 18 Fiss_Prod 
76 144 699 151Pm 2.84E+01 h 1.91E-04 234 Fiss_Prod 
59 17 699.89 140Ba 1.20E+01 d 8.29E-06 20 Fiss_Prod 
143 67 703.7 239Pu 2.41E+04 y 3.95E-08 83 SNM 
221 9 703.76 97Zr 1.69E+01 h 1.01E-02 12 Fiss_Prod 
76 41 704.24 151Pm 2.84E+01 h 3.38E-03 234 Fiss_Prod 
37 126 706.4 132I 2.30E+00 h 1.97E-04 173 Fiss_Prod  
40 5 706.58 133I 2.08E+01 h 1.49E-02 7 Fiss_Prod  
11 6 706.67 110mAg 6.84E-01 y 1.67E-01 15 Fiss_Prod 
6 14 707.36 105Ru 4.44E+00 h 1.28E-02 17 Fiss_Prod  
49 23 707.92 135I 6.59E+00 h 6.60E-03 93 Fiss_Prod 
76 63 709.25 151Pm 2.84E+01 h 1.37E-03 234 Fiss_Prod 
19 11 709.31 124Sb 1.65E-01 y 1.42E-02 13 Fiss_Prod 
67 31 709.59 143Ce 3.30E+01 h 8.56E-05 52 Fiss_Prod 
80 12 710.54 154Eu 8.50E+00 y 1.59E-02 13 Fiss_Prod 
76 76 712 151Pm 2.84E+01 h 9.45E-04 234 Fiss_Prod 
34 32 713.1 131mTe 3.24E+01 h 1.43E-02 36 Fiss_Prod  
76 195 713.4 151Pm 2.84E+01 h 9.00E-05 234 Fiss_Prod 
19 7 713.82 124Sb 1.65E-01 y 2.38E-02 13 Fiss_Prod 
214 21 714.4 93Y 1.02E+01 h 1.73E-04 29 Fiss_Prod  
76 4 717.72 151Pm 2.84E+01 h 4.05E-02 234 Fiss_Prod 
143 68 718 239Pu 2.41E+04 y 2.80E-08 83 SNM 
76 179 719 151Pm 2.84E+01 h 1.13E-04 234 Fiss_Prod 
24 4 720.5 126Sb 2.98E+02 h 5.38E-01 18 Fiss_Prod 
67 4 721.93 143Ce 3.30E+01 h 5.39E-02 52 Fiss_Prod 
147 15 722 241Am 4.32E+02 y 1.96E-06 28 SNM 
19 3 722.78 124Sb 1.65E-01 y 1.11E-01 13 Fiss_Prod 
33 5 722.89 131I 8.02E+00 d 1.80E-02 6 Fiss_Prod  
80 3 723.3 154Eu 8.50E+00 y 1.97E-01 13 Fiss_Prod 
82 8 723.47 156Eu 1.52E+01 d 6.02E-02 29 Fiss_Prod 
217 2 724.2 95Zr 1.75E-01 y 4.42E-01 2 Fiss_Prod 
6 1 724.5 105Ru 4.44E+00 h 4.90E-01 17 Fiss_Prod  
73 3 725.7 148mPm 4.13E+01 d 3.28E-01 18 Fiss_Prod 
37 16 727 132I 2.30E+00 h 2.17E-02 173 Fiss_Prod  
76 210 727 151Pm 2.84E+01 h 6.75E-05 234 Fiss_Prod 
37 11 727.2 132I 2.30E+00 h 3.16E-02 173 Fiss_Prod  
37 19 728.4 132I 2.30E+00 h 1.58E-02 173 Fiss_Prod  
67 39 729.87 143Ce 3.30E+01 h 3.00E-05 52 Fiss_Prod 
31 3 734.8 130I 1.24E+01 h 8.23E-01 8 Fiss_Prod  
76 35 736.12 151Pm 2.84E+01 h 4.73E-03 234 Fiss_Prod 
222 1 739.5 99Mo 6.60E+01 h 1.21E-01 35 medical_FP 
76 137 740.8 151Pm 2.84E+01 h 2.25E-04 234 Fiss_Prod 
218 1 743.36 97mNb 5.27E+01 s 9.80E-01 1 Fiss_Prod 
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221 1 743.36 97Zr 1.69E+01 h 9.31E-01 12 Fiss_Prod 
34 28 744.2 131mTe 3.24E+01 h 1.59E-02 36 Fiss_Prod  
11 11 744.26 110mAg 6.84E-01 y 4.64E-02 15 Fiss_Prod 
209 2 749.8 91Sr 9.63E+00 h 2.30E-01 8 Fiss_Prod  
60 7 751.64 140La 4.03E+01 h 4.33E-02 38 Fiss_Prod 
76 17 752.82 151Pm 2.84E+01 h 1.28E-02 234 Fiss_Prod 
76 211 755 151Pm 2.84E+01 h 6.75E-05 234 Fiss_Prod 
143 69 756.4 239Pu 2.41E+04 y 2.80E-08 83 SNM 
217 1 756.73 95Zr 1.75E-01 y 5.45E-01 2 Fiss_Prod 
80 9 756.87 154Eu 8.50E+00 y 4.33E-02 13 Fiss_Prod 
76 196 758.5 151Pm 2.84E+01 h 9.00E-05 234 Fiss_Prod 
222 35 761.77 99Mo 6.60E+01 h 4.00E-06 35 medical_FP 
11 5 763.93 110mAg 6.84E-01 y 2.23E-01 15 Fiss_Prod 
84 15 765.28 160Tb 1.98E-01 y 1.93E-02 17 Fiss_Prod 
216 1 765.81 95Nb 3.50E+01 d 9.98E-01 3 Fiss_Prod 
140 7 766.41 238Pu 8.77E+01 y 2.20E-07 7 SNM 
67 37 767.7 143Ce 3.30E+01 h 3.17E-05 52 Fiss_Prod 
76 69 769.1 151Pm 2.84E+01 h 1.06E-03 234 Fiss_Prod 
143 64 769.4 239Pu 2.41E+04 y 5.10E-08 83 SNM 
37 127 771.7 132I 2.30E+00 h 1.97E-04 173 Fiss_Prod  
37 2 772.6 132I 2.30E+00 h 7.56E-01 173 Fiss_Prod  
76 25 772.76 151Pm 2.84E+01 h 9.00E-03 234 Fiss_Prod 
34 1 773.67 131mTe 3.24E+01 h 3.82E-01 36 Fiss_Prod  
209 7 776.34 91Sr 9.63E+00 h 1.19E-02 8 Fiss_Prod  
197 1 776.49 82Br 3.53E+01 h 8.33E-01 11 Fiss_Prod 
222 4 777.92 99Mo 6.60E+01 h 4.26E-02 35 medical_FP 
37 24 780 132I 2.30E+00 h 1.18E-02 173 Fiss_Prod  
34 8 782.49 131mTe 3.24E+01 h 7.79E-02 36 Fiss_Prod  
37 45 784.4 132I 2.30E+00 h 3.85E-03 173 Fiss_Prod  
76 49 785.1 151Pm 2.84E+01 h 2.21E-03 234 Fiss_Prod 
49 41 785.48 135I 6.59E+00 h 1.52E-03 93 Fiss_Prod 
67 41 787.4 143Ce 3.30E+01 h 2.57E-05 52 Fiss_Prod 
67 25 791.07 143Ce 3.30E+01 h 1.33E-04 52 Fiss_Prod 
37 69 791.2 132I 2.30E+00 h 9.87E-04 173 Fiss_Prod  
76 232 792.8 151Pm 2.84E+01 h 2.25E-05 234 Fiss_Prod 
34 3 793.75 131mTe 3.24E+01 h 1.39E-01 36 Fiss_Prod  
49 77 795.5 135I 6.59E+00 h 2.30E-04 93 Fiss_Prod 
76 96 795.74 151Pm 2.84E+01 h 5.85E-04 234 Fiss_Prod 
45 2 795.84 134Cs 2.06E+00 y 8.54E-01 9 Fiss_Prod 
49 39 797.71 135I 6.59E+00 h 1.72E-03 93 Fiss_Prod 
45 4 801.93 134Cs 2.06E+00 y 8.73E-02 9 Fiss_Prod 
67 20 806.34 143Ce 3.30E+01 h 2.87E-04 52 Fiss_Prod 
49 58 807.2 135I 6.59E+00 h 4.59E-04 93 Fiss_Prod 
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76 31 807.9 151Pm 2.84E+01 h 5.63E-03 234 Fiss_Prod 
143 83 808.4 239Pu 2.41E+04 y 1.21E-09 83 SNM 
37 14 809.5 132I 2.30E+00 h 2.57E-02 173 Fiss_Prod  
67 19 809.98 143Ce 3.30E+01 h 3.12E-04 52 Fiss_Prod 
82 1 811.77 156Eu 1.52E+01 d 1.04E-01 29 Fiss_Prod 
76 87 811.8 151Pm 2.84E+01 h 6.75E-04 234 Fiss_Prod 
37 7 812 132I 2.30E+00 h 5.53E-02 173 Fiss_Prod  
60 3 815.77 140La 4.03E+01 h 2.33E-01 38 Fiss_Prod 
76 58 817.7 151Pm 2.84E+01 h 1.69E-03 234 Fiss_Prod 
76 78 817.7 151Pm 2.84E+01 h 9.00E-04 234 Fiss_Prod 
11 9 818.02 110mAg 6.84E-01 y 7.28E-02 15 Fiss_Prod 
52 1 818.5 136Cs 1.31E+01 d 9.97E-01 14 Fiss_Prod 
76 119 822.45 151Pm 2.84E+01 h 3.38E-04 234 Fiss_Prod 
23 3 822.6 125Sn 9.64E+00 d 3.78E-02 7 Fiss_Prod 
34 12 822.78 131mTe 3.24E+01 h 6.12E-02 36 Fiss_Prod  
222 7 822.97 99Mo 6.60E+01 h 1.33E-03 35 medical_FP 
197 7 827.81 82Br 3.53E+01 h 2.42E-01 11 Fiss_Prod 
37 119 831.3 132I 2.30E+00 h 2.47E-04 173 Fiss_Prod  
204 4 834.83 88Kr 2.84E+00 h 1.30E-01 20 Fiss_Prod  
49 8 836.8 135I 6.59E+00 h 6.69E-02 93 Fiss_Prod 
37 130 847.9 132I 2.30E+00 h 1.68E-04 173 Fiss_Prod  
76 44 848.65 151Pm 2.84E+01 h 2.81E-03 234 Fiss_Prod 
34 2 852.21 131mTe 3.24E+01 h 2.07E-01 36 Fiss_Prod  
76 212 856.2 151Pm 2.84E+01 h 6.53E-05 234 Fiss_Prod 
40 7 856.28 133I 2.08E+01 h 1.23E-02 7 Fiss_Prod  
24 6 856.8 126Sb 2.98E+02 h 1.76E-01 18 Fiss_Prod 
76 199 859.8 151Pm 2.84E+01 h 8.33E-05 234 Fiss_Prod 
222 16 861.2 99Mo 6.60E+01 h 7.28E-05 35 medical_FP 
37 35 863 132I 2.30E+00 h 5.63E-03 173 Fiss_Prod  
37 105 866 132I 2.30E+00 h 3.55E-04 173 Fiss_Prod  
37 106 866 132I 2.30E+00 h 3.55E-04 173 Fiss_Prod  
82 27 867.01 156Eu 1.52E+01 d 1.40E-02 29 Fiss_Prod 
76 228 867.1 151Pm 2.84E+01 h 2.93E-05 234 Fiss_Prod 
60 6 867.85 140La 4.03E+01 h 5.50E-02 38 Fiss_Prod 
80 5 873.19 154Eu 8.50E+00 y 1.15E-01 13 Fiss_Prod 
40 2 875.33 133I 2.08E+01 h 4.47E-02 7 Fiss_Prod  
6 7 875.8 105Ru 4.44E+00 h 3.40E-02 17 Fiss_Prod  
37 29 876.6 132I 2.30E+00 h 1.04E-02 173 Fiss_Prod  
76 70 877.7 151Pm 2.84E+01 h 1.01E-03 234 Fiss_Prod 
84 1 879.36 160Tb 1.98E-01 y 2.85E-01 17 Fiss_Prod 
67 8 880.46 143Ce 3.30E+01 h 1.03E-02 52 Fiss_Prod 
76 107 883.68 151Pm 2.84E+01 h 4.50E-04 234 Fiss_Prod 
11 2 884.67 110mAg 6.84E-01 y 7.26E-01 15 Fiss_Prod 
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37 120 886.1 132I 2.30E+00 h 2.47E-04 173 Fiss_Prod  
76 229 887.6 151Pm 2.84E+01 h 2.70E-05 234 Fiss_Prod 
37 107 888.7 132I 2.30E+00 h 3.45E-04 173 Fiss_Prod  
37 108 888.7 132I 2.30E+00 h 3.45E-04 173 Fiss_Prod  
67 33 891.47 143Ce 3.30E+01 h 8.13E-05 52 Fiss_Prod 
76 230 894.1 151Pm 2.84E+01 h 2.70E-05 234 Fiss_Prod 
205 2 898.02 88Rb 1.78E+01 m 1.40E-01 3 Fiss_Prod  
76 133 898.58 151Pm 2.84E+01 h 2.48E-04 234 Fiss_Prod 
76 225 903.5 151Pm 2.84E+01 h 3.15E-05 234 Fiss_Prod 
37 137 904.4 132I 2.30E+00 h 1.28E-04 173 Fiss_Prod  
67 46 907.1 143Ce 3.30E+01 h 1.28E-05 52 Fiss_Prod 
34 19 910 131mTe 3.24E+01 h 3.29E-02 36 Fiss_Prod  
37 30 910.1 132I 2.30E+00 h 9.28E-03 173 Fiss_Prod  
76 129 911.25 151Pm 2.84E+01 h 2.57E-04 234 Fiss_Prod 
74 3 914.85 148Pm 5.37E+00 d 1.15E-01 5 Fiss_Prod 
73 6 915.33 148mPm 4.13E+01 d 1.72E-01 18 Fiss_Prod 
23 4 915.5 125Sn 9.64E+00 d 3.78E-02 7 Fiss_Prod 
76 233 919.3 151Pm 2.84E+01 h 1.80E-05 234 Fiss_Prod 
60 10 919.55 140La 4.03E+01 h 2.66E-02 38 Fiss_Prod 
34 35 920.62 131mTe 3.24E+01 h 1.20E-02 36 Fiss_Prod  
76 234 922.1 151Pm 2.84E+01 h 1.35E-05 234 Fiss_Prod 
139 5 923.98 238Np 2.12E+00 d 2.48E-02 5 SNM 
60 5 925.19 140La 4.03E+01 h 6.90E-02 38 Fiss_Prod 
209 4 925.8 91Sr 9.63E+00 h 3.74E-02 8 Fiss_Prod  
76 220 926.1 151Pm 2.84E+01 h 4.05E-05 234 Fiss_Prod 
37 43 927.4 132I 2.30E+00 h 4.15E-03 173 Fiss_Prod  
76 221 933.9 151Pm 2.84E+01 h 3.83E-05 234 Fiss_Prod 
11 3 937.48 110mAg 6.84E-01 y 3.42E-01 15 Fiss_Prod 
67 21 937.82 143Ce 3.30E+01 h 2.61E-04 52 Fiss_Prod 
76 222 939.8 151Pm 2.84E+01 h 3.83E-05 234 Fiss_Prod 
82 28 944.35 156Eu 1.52E+01 d 1.39E-02 29 Fiss_Prod 
214 2 947.1 93Y 1.02E+01 h 2.09E-02 29 Fiss_Prod  
37 96 947.2 132I 2.30E+00 h 4.44E-04 173 Fiss_Prod  
206 6 947.69 89Rb 1.52E+01 m 9.22E-02 12 Fiss_Prod  
36 10 948.54 131Te 2.50E+01 m 2.26E-02 14 Fiss_Prod  
76 39 948.72 151Pm 2.84E+01 h 3.51E-03 234 Fiss_Prod 
60 12 950.99 140La 4.03E+01 h 5.19E-03 38 Fiss_Prod 
210 2 953.32 92Sr 2.71E+00 h 3.60E-02 5 Fiss_Prod  
76 72 953.41 151Pm 2.84E+01 h 9.68E-04 234 Fiss_Prod 
24 18 954 126Sb 2.98E+02 h 1.20E-02 18 Fiss_Prod 
37 3 954.55 132I 2.30E+00 h 1.76E-01 173 Fiss_Prod  
67 47 956.9 143Ce 3.30E+01 h 1.28E-05 52 Fiss_Prod 
76 92 959.7 151Pm 2.84E+01 h 6.30E-04 234 Fiss_Prod 
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49 63 960.29 135I 6.59E+00 h 3.44E-04 93 Fiss_Prod 
82 25 960.5 156Eu 1.52E+01 d 1.62E-02 29 Fiss_Prod 
222 8 960.75 99Mo 6.60E+01 h 9.46E-04 35 medical_FP 
49 42 961.43 135I 6.59E+00 h 1.46E-03 93 Fiss_Prod 
84 7 962.29 160Tb 1.98E-01 y 9.03E-02 17 Fiss_Prod 
214 22 962.3 93Y 1.02E+01 h 1.20E-04 29 Fiss_Prod  
76 215 964.4 151Pm 2.84E+01 h 4.73E-05 234 Fiss_Prod 
37 109 965.8 132I 2.30E+00 h 3.45E-04 173 Fiss_Prod  
84 2 966.15 160Tb 1.98E-01 y 2.42E-01 17 Fiss_Prod 
19 8 968.2 124Sb 1.65E-01 y 1.92E-02 13 Fiss_Prod 
76 161 968.9 151Pm 2.84E+01 h 1.46E-04 234 Fiss_Prod 
6 11 969.4 105Ru 4.44E+00 h 2.34E-02 17 Fiss_Prod  
214 28 971 93Y 1.02E+01 h 6.75E-05 29 Fiss_Prod  
49 20 971.96 135I 6.59E+00 h 8.90E-03 93 Fiss_Prod 
49 16 972.62 135I 6.59E+00 h 1.21E-02 93 Fiss_Prod 
37 34 984.2 132I 2.30E+00 h 5.92E-03 173 Fiss_Prod  
139 2 984.45 238Np 2.12E+00 d 2.38E-01 5 SNM 
204 17 985.78 88Kr 2.84E+00 h 1.32E-02 20 Fiss_Prod  
222 28 986.44 99Mo 6.60E+01 h 1.46E-05 35 medical_FP 
214 25 987.7 93Y 1.02E+01 h 1.05E-04 29 Fiss_Prod  
24 8 989.3 126Sb 2.98E+02 h 6.77E-02 18 Fiss_Prod 
60 32 992.9 140La 4.03E+01 h 1.34E-04 38 Fiss_Prod 
49 40 995.09 135I 6.59E+00 h 1.55E-03 93 Fiss_Prod 
37 113 995.8 132I 2.30E+00 h 2.96E-04 173 Fiss_Prod  
80 6 996.32 154Eu 8.50E+00 y 1.03E-01 13 Fiss_Prod 
36 8 997.25 131Te 2.50E+01 m 3.34E-02 14 Fiss_Prod  
204 15 1000.1 88Kr 2.84E+00 h 1.89E-02 20 Fiss_Prod  
222 17 1001.34 99Mo 6.60E+01 h 5.46E-05 35 medical_FP 
37 117 1002.5 132I 2.30E+00 h 2.57E-04 173 Fiss_Prod  
37 118 1002.5 132I 2.30E+00 h 2.57E-04 173 Fiss_Prod  
67 13 1002.85 143Ce 3.30E+01 h 7.53E-04 52 Fiss_Prod 
80 4 1004.8 154Eu 8.50E+00 y 1.79E-01 13 Fiss_Prod 
37 131 1005.4 132I 2.30E+00 h 1.58E-04 173 Fiss_Prod  
197 10 1007.6 82Br 3.53E+01 h 1.27E-02 11 Fiss_Prod 
37 94 1009 132I 2.30E+00 h 4.64E-04 173 Fiss_Prod  
76 223 1012.2 151Pm 2.84E+01 h 3.60E-05 234 Fiss_Prod 
73 4 1013.8 148mPm 4.13E+01 d 2.03E-01 18 Fiss_Prod 
67 48 1014.3 143Ce 3.30E+01 h 1.28E-05 52 Fiss_Prod 
222 33 1017 99Mo 6.60E+01 h 6.07E-06 35 medical_FP 
221 10 1021.2 97Zr 1.69E+01 h 1.01E-02 12 Fiss_Prod 
209 1 1024.3 91Sr 9.63E+00 h 3.25E-01 8 Fiss_Prod  
219 2 1024.5 97Nb 7.21E+01 m 1.08E-02 2 Fiss_Prod 
139 4 1025.9 238Np 2.12E+00 d 8.21E-02 5 SNM 
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139 3 1028.5 238Np 2.12E+00 d 1.74E-01 5 SNM 
67 23 1031.22 143Ce 3.30E+01 h 2.01E-04 52 Fiss_Prod 
37 37 1035 132I 2.30E+00 h 5.13E-03 173 Fiss_Prod  
45 9 1038.6 134Cs 2.06E+00 y 1.00E-02 9 Fiss_Prod 
49 5 1038.76 135I 6.59E+00 h 7.95E-02 93 Fiss_Prod 
197 5 1044 82Br 3.53E+01 h 2.73E-01 11 Fiss_Prod 
60 28 1045.05 140La 4.03E+01 h 2.48E-04 38 Fiss_Prod 
19 9 1045.2 124Sb 1.65E-01 y 1.86E-02 13 Fiss_Prod 
67 27 1046.78 143Ce 3.30E+01 h 1.20E-04 52 Fiss_Prod 
52 2 1048.1 136Cs 1.31E+01 d 7.96E-01 14 Fiss_Prod 
37 95 1049.6 132I 2.30E+00 h 4.64E-04 173 Fiss_Prod  
7 3 1050.5 106Rh 1.00E+00 y 1.73E-02 3 Fiss_Prod 
8 2 1050.5 106Ru 1.00E+00 y 1.56E-02 2 Fiss_Prod 
222 31 1056.2 99Mo 6.60E+01 h 1.08E-05 35 medical_FP 
34 30 1059.7 131mTe 3.24E+01 h 1.55E-02 36 Fiss_Prod  
67 17 1060.22 143Ce 3.30E+01 h 3.64E-04 52 Fiss_Prod 
82 11 1065.1 156Eu 1.52E+01 d 5.24E-02 29 Fiss_Prod 
23 1 1066.6 125Sn 9.64E+00 d 8.60E-02 7 Fiss_Prod 
82 12 1079.2 156Eu 1.52E+01 d 4.89E-02 29 Fiss_Prod 
37 110 1081.8 132I 2.30E+00 h 3.45E-04 173 Fiss_Prod  
37 77 1086.2 132I 2.30E+00 h 7.90E-04 173 Fiss_Prod  
23 2 1088.9 125Sn 9.64E+00 d 4.04E-02 7 Fiss_Prod 
49 47 1096.86 135I 6.59E+00 h 8.90E-04 93 Fiss_Prod 
37 97 1096.9 132I 2.30E+00 h 4.44E-04 173 Fiss_Prod  
60 30 1097.2 140La 4.03E+01 h 2.29E-04 38 Fiss_Prod 
49 14 1101.58 135I 6.59E+00 h 1.61E-02 93 Fiss_Prod 
82 26 1102.7 156Eu 1.52E+01 d 1.59E-02 29 Fiss_Prod 
67 9 1103.25 143Ce 3.30E+01 h 4.15E-03 52 Fiss_Prod 
37 83 1112.4 132I 2.30E+00 h 6.51E-04 173 Fiss_Prod  
84 16 1115.1 160Tb 1.98E-01 y 1.50E-02 17 Fiss_Prod 
193 1 1115.55 65Zn 6.67E-01 y 5.08E-01 5 Fiss_Prod 
49 10 1124 135I 6.59E+00 h 3.62E-02 93 Fiss_Prod 
34 4 1125.5 131mTe 3.24E+01 h 1.14E-01 36 Fiss_Prod  
37 90 1126.5 132I 2.30E+00 h 4.94E-04 173 Fiss_Prod  
37 91 1126.5 132I 2.30E+00 h 4.94E-04 173 Fiss_Prod  
49 2 1131.51 135I 6.59E+00 h 2.26E-01 93 Fiss_Prod 
37 12 1136 132I 2.30E+00 h 3.01E-02 173 Fiss_Prod  
204 18 1141.3 88Kr 2.84E+00 h 1.28E-02 20 Fiss_Prod  
210 5 1142.3 92Sr 2.71E+00 h 2.88E-02 5 Fiss_Prod  
37 21 1143.3 132I 2.30E+00 h 1.35E-02 173 Fiss_Prod  
36 4 1147 131Te 2.50E+01 m 4.96E-02 14 Fiss_Prod  
37 50 1147.8 132I 2.30E+00 h 2.66E-03 173 Fiss_Prod  
221 3 1147.97 97Zr 1.69E+01 h 2.62E-02 12 Fiss_Prod 
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34 31 1148.9 131mTe 3.24E+01 h 1.51E-02 36 Fiss_Prod  
49 90 1151.51 135I 6.59E+00 h 2.87E-05 93 Fiss_Prod 
82 4 1153.5 156Eu 1.52E+01 d 7.18E-02 29 Fiss_Prod 
82 10 1154.1 156Eu 1.52E+01 d 5.30E-02 29 Fiss_Prod 
31 5 1157.5 130I 1.24E+01 h 1.13E-01 8 Fiss_Prod  
214 16 1158.5 93Y 1.02E+01 h 3.00E-04 29 Fiss_Prod  
49 45 1159.9 135I 6.59E+00 h 1.03E-03 93 Fiss_Prod 
67 42 1160.58 143Ce 3.30E+01 h 2.40E-05 52 Fiss_Prod 
45 7 1167.9 134Cs 2.06E+00 y 1.80E-02 9 Fiss_Prod 
214 26 1168.6 93Y 1.02E+01 h 1.05E-04 29 Fiss_Prod  
49 21 1169.04 135I 6.59E+00 h 8.75E-03 93 Fiss_Prod 
37 28 1172.9 132I 2.30E+00 h 1.09E-02 173 Fiss_Prod  
84 3 1177.9 160Tb 1.98E-01 y 1.44E-01 17 Fiss_Prod 
49 53 1180.46 135I 6.59E+00 h 6.31E-04 93 Fiss_Prod 
214 14 1183.5 93Y 1.02E+01 h 4.80E-04 29 Fiss_Prod  
214 20 1184.7 93Y 1.02E+01 h 1.95E-04 29 Fiss_Prod  
84 14 1199.9 160Tb 1.98E-01 y 2.36E-02 17 Fiss_Prod 
214 9 1203.3 93Y 1.02E+01 h 1.07E-03 29 Fiss_Prod  
34 5 1206.6 131mTe 3.24E+01 h 9.76E-02 36 Fiss_Prod  
19 12 1208.3 124Sb 1.65E-01 y 1.34E-02 13 Fiss_Prod 
37 139 1212.3 132I 2.30E+00 h 1.18E-04 173 Fiss_Prod  
24 14 1213 126Sb 2.98E+02 h 2.39E-02 18 Fiss_Prod 
49 59 1225.6 135I 6.59E+00 h 4.31E-04 93 Fiss_Prod 
82 3 1230.7 156Eu 1.52E+01 d 8.94E-02 29 Fiss_Prod 
52 4 1235.3 136Cs 1.31E+01 d 1.97E-01 14 Fiss_Prod 
40 6 1236.4 133I 2.08E+01 h 1.49E-02 7 Fiss_Prod  
214 17 1237.4 93Y 1.02E+01 h 2.93E-04 29 Fiss_Prod  
49 19 1240.47 135I 6.59E+00 h 9.04E-03 93 Fiss_Prod 
82 7 1242.4 156Eu 1.52E+01 d 6.76E-02 29 Fiss_Prod 
37 147 1242.6 132I 2.30E+00 h 8.88E-05 173 Fiss_Prod  
204 20 1250.7 88Kr 2.84E+00 h 1.12E-02 20 Fiss_Prod  
37 85 1254.1 132I 2.30E+00 h 5.92E-04 173 Fiss_Prod  
49 86 1254.8 135I 6.59E+00 h 5.74E-05 93 Fiss_Prod 
49 87 1254.8 135I 6.59E+00 h 5.74E-05 93 Fiss_Prod 
49 1 1260.41 135I 6.59E+00 h 2.87E-01 93 Fiss_Prod 
37 116 1263.6 132I 2.30E+00 h 2.66E-04 173 Fiss_Prod  
84 8 1271.9 160Tb 1.98E-01 y 7.03E-02 17 Fiss_Prod 
37 58 1272.8 132I 2.30E+00 h 1.68E-03 173 Fiss_Prod  
80 2 1274.5 154Eu 8.50E+00 y 3.55E-01 13 Fiss_Prod 
221 11 1276.07 97Zr 1.69E+01 h 9.40E-03 12 Fiss_Prod 
82 18 1277.4 156Eu 1.52E+01 d 3.21E-02 29 Fiss_Prod 
49 55 1277.83 135I 6.59E+00 h 5.74E-04 93 Fiss_Prod 
37 27 1290.8 132I 2.30E+00 h 1.13E-02 173 Fiss_Prod  
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37 17 1295.1 132I 2.30E+00 h 1.88E-02 173 Fiss_Prod  
37 31 1297.91 132I 2.30E+00 h 8.88E-03 173 Fiss_Prod  
40 3 1298.2 133I 2.08E+01 h 2.33E-02 7 Fiss_Prod  
60 23 1303.5 140La 4.03E+01 h 4.20E-04 38 Fiss_Prod 
49 64 1308.7 135I 6.59E+00 h 3.44E-04 93 Fiss_Prod 
84 13 1312.2 160Tb 1.98E-01 y 2.85E-02 17 Fiss_Prod 
37 86 1314 132I 2.30E+00 h 5.92E-04 173 Fiss_Prod  
49 52 1315.77 135I 6.59E+00 h 6.60E-04 93 Fiss_Prod 
197 6 1317.5 82Br 3.53E+01 h 2.69E-01 11 Fiss_Prod 
37 64 1317.93 132I 2.30E+00 h 1.18E-03 173 Fiss_Prod  
67 45 1324.48 143Ce 3.30E+01 h 1.58E-05 52 Fiss_Prod 
19 10 1325.5 124Sb 1.65E-01 y 1.50E-02 13 Fiss_Prod 
49 68 1334.8 135I 6.59E+00 h 3.16E-04 93 Fiss_Prod 
67 38 1340.1 143Ce 3.30E+01 h 3.08E-05 52 Fiss_Prod 
49 48 1343.66 135I 6.59E+00 h 7.75E-04 93 Fiss_Prod 
63 1 1354.5 141La 3.92E+00 h 2.62E-02 1 Fiss_Prod 
37 153 1360 132I 2.30E+00 h 5.92E-05 173 Fiss_Prod  
221 12 1361 97Zr 1.69E+01 h 6.51E-03 12 Fiss_Prod 
221 8 1362.68 97Zr 1.69E+01 h 1.02E-02 12 Fiss_Prod 
45 6 1365.2 134Cs 2.06E+00 y 3.04E-02 9 Fiss_Prod 
82 23 1366.4 156Eu 1.52E+01 d 1.76E-02 29 Fiss_Prod 
49 25 1367.89 135I 6.59E+00 h 6.08E-03 93 Fiss_Prod 
19 6 1368.2 124Sb 1.65E-01 y 2.51E-02 13 Fiss_Prod 
204 16 1369.5 88Kr 2.84E+00 h 1.48E-02 20 Fiss_Prod  
37 15 1372.07 132I 2.30E+00 h 2.47E-02 173 Fiss_Prod  
67 52 1382 143Ce 3.30E+01 h 3.85E-06 52 Fiss_Prod 
210 1 1383.9 92Sr 2.71E+00 h 9.00E-01 5 Fiss_Prod  
11 4 1384.3 110mAg 6.84E-01 y 2.43E-01 15 Fiss_Prod 
37 135 1390.7 132I 2.30E+00 h 1.48E-04 173 Fiss_Prod  
37 6 1398.57 132I 2.30E+00 h 7.01E-02 173 Fiss_Prod  
60 22 1405.2 140La 4.03E+01 h 5.91E-04 38 Fiss_Prod 
37 98 1410.6 132I 2.30E+00 h 4.34E-04 173 Fiss_Prod  
49 69 1416.3 135I 6.59E+00 h 3.16E-04 93 Fiss_Prod 
214 6 1425.4 93Y 1.02E+01 h 2.45E-03 29 Fiss_Prod  
19 13 1436.6 124Sb 1.65E-01 y 1.14E-02 13 Fiss_Prod 
49 79 1441.8 135I 6.59E+00 h 1.72E-04 93 Fiss_Prod 
37 20 1442.56 132I 2.30E+00 h 1.40E-02 173 Fiss_Prod  
49 30 1448.35 135I 6.59E+00 h 3.16E-03 93 Fiss_Prod 
37 149 1450 132I 2.30E+00 h 7.90E-05 173 Fiss_Prod  
214 5 1450.5 93Y 1.02E+01 h 3.27E-03 29 Fiss_Prod  
37 92 1456.5 132I 2.30E+00 h 4.94E-04 173 Fiss_Prod  
49 4 1457.56 135I 6.59E+00 h 8.67E-02 93 Fiss_Prod 
74 1 1465.1 148Pm 5.37E+00 d 2.22E-01 5 Fiss_Prod 
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214 12 1470.1 93Y 1.02E+01 h 6.53E-04 29 Fiss_Prod  
197 8 1474.8 82Br 3.53E+01 h 1.66E-01 11 Fiss_Prod 
11 12 1475.8 110mAg 6.84E-01 y 4.00E-02 15 Fiss_Prod 
37 60 1476.7 132I 2.30E+00 h 1.30E-03 173 Fiss_Prod  
71 3 1489 144Pr 7.79E-01 y 2.78E-03 3 Fiss_Prod 
49 17 1502.79 135I 6.59E+00 h 1.08E-02 93 Fiss_Prod 
11 7 1505 110mAg 6.84E-01 y 1.31E-01 15 Fiss_Prod 
204 13 1518.4 88Kr 2.84E+00 h 2.15E-02 20 Fiss_Prod  
37 78 1519.6 132I 2.30E+00 h 7.90E-04 173 Fiss_Prod  
49 62 1521.99 135I 6.59E+00 h 3.73E-04 93 Fiss_Prod 
204 5 1529.8 88Kr 2.84E+00 h 1.09E-01 20 Fiss_Prod  
37 154 1531.9 132I 2.30E+00 h 5.92E-05 173 Fiss_Prod  
37 132 1542.3 132I 2.30E+00 h 1.58E-04 173 Fiss_Prod  
49 72 1543.7 135I 6.59E+00 h 2.58E-04 93 Fiss_Prod 
37 148 1559 132I 2.30E+00 h 8.88E-05 173 Fiss_Prod  
11 15 1562.3 110mAg 6.84E-01 y 1.18E-02 15 Fiss_Prod 
49 15 1566.41 135I 6.59E+00 h 1.29E-02 93 Fiss_Prod 
37 93 1592.9 132I 2.30E+00 h 4.74E-04 173 Fiss_Prod  
80 13 1593 154Eu 8.50E+00 y 1.03E-02 13 Fiss_Prod 
60 1 1596.21 140La 4.03E+01 h 9.54E-01 38 Fiss_Prod 
80 10 1596.5 154Eu 8.50E+00 y 1.85E-02 13 Fiss_Prod 
49 73 1613.75 135I 6.59E+00 h 2.58E-04 93 Fiss_Prod 
37 145 1617.9 132I 2.30E+00 h 9.87E-05 173 Fiss_Prod  
37 151 1618.9 132I 2.30E+00 h 6.91E-05 173 Fiss_Prod  
37 140 1636.5 132I 2.30E+00 h 1.18E-04 173 Fiss_Prod  
37 141 1636.5 132I 2.30E+00 h 1.18E-04 173 Fiss_Prod  
37 150 1639.1 132I 2.30E+00 h 7.90E-05 173 Fiss_Prod  
214 13 1642.7 93Y 1.02E+01 h 5.18E-04 29 Fiss_Prod  
37 138 1644 132I 2.30E+00 h 1.28E-04 173 Fiss_Prod  
34 33 1646 131mTe 3.24E+01 h 1.24E-02 36 Fiss_Prod  
214 18 1651.7 93Y 1.02E+01 h 2.33E-04 29 Fiss_Prod  
37 133 1661.4 132I 2.30E+00 h 1.58E-04 173 Fiss_Prod  
37 123 1671.3 132I 2.30E+00 h 2.17E-04 173 Fiss_Prod  
49 3 1678.03 135I 6.59E+00 h 9.56E-02 93 Fiss_Prod 
37 155 1679.3 132I 2.30E+00 h 5.92E-05 173 Fiss_Prod  
19 2 1691 124Sb 1.65E-01 y 4.90E-01 13 Fiss_Prod 
49 9 1706.46 135I 6.59E+00 h 4.10E-02 93 Fiss_Prod 
37 88 1715.4 132I 2.30E+00 h 5.53E-04 173 Fiss_Prod  
37 89 1720.6 132I 2.30E+00 h 5.43E-04 173 Fiss_Prod  
37 82 1727.2 132I 2.30E+00 h 6.71E-04 173 Fiss_Prod  
49 80 1742 135I 6.59E+00 h 1.72E-04 93 Fiss_Prod 
221 7 1750.24 97Zr 1.69E+01 h 1.09E-02 12 Fiss_Prod 
37 121 1752.3 132I 2.30E+00 h 2.47E-04 173 Fiss_Prod  
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37 49 1757.4 132I 2.30E+00 h 2.96E-03 173 Fiss_Prod  
37 87 1760.4 132I 2.30E+00 h 5.92E-04 173 Fiss_Prod  
37 122 1768.5 132I 2.30E+00 h 2.47E-04 173 Fiss_Prod  
37 79 1778.5 132I 2.30E+00 h 7.90E-04 173 Fiss_Prod  
37 143 1786.5 132I 2.30E+00 h 1.09E-04 173 Fiss_Prod  
37 144 1786.5 132I 2.30E+00 h 1.09E-04 173 Fiss_Prod  
49 6 1791.2 135I 6.59E+00 h 7.72E-02 93 Fiss_Prod 
37 134 1814 132I 2.30E+00 h 1.58E-04 173 Fiss_Prod  
214 19 1827.8 93Y 1.02E+01 h 2.33E-04 29 Fiss_Prod  
37 115 1830.1 132I 2.30E+00 h 2.76E-04 173 Fiss_Prod  
49 26 1830.69 135I 6.59E+00 h 5.80E-03 93 Fiss_Prod 
205 1 1836 88Rb 1.78E+01 m 2.14E-01 3 Fiss_Prod  
49 88 1845.3 135I 6.59E+00 h 5.74E-05 93 Fiss_Prod 
82 24 1877 156Eu 1.52E+01 d 1.73E-02 29 Fiss_Prod 
60 24 1877.29 140La 4.03E+01 h 4.10E-04 38 Fiss_Prod 
37 136 1879.2 132I 2.30E+00 h 1.38E-04 173 Fiss_Prod  
36 13 1881.5 131Te 2.50E+01 m 1.42E-02 14 Fiss_Prod  
37 114 1913.7 132I 2.30E+00 h 2.96E-04 173 Fiss_Prod  
214 3 1917.8 93Y 1.02E+01 h 1.55E-02 29 Fiss_Prod  
37 23 1921.08 132I 2.30E+00 h 1.23E-02 173 Fiss_Prod  
60 33 1924.62 140La 4.03E+01 h 1.34E-04 38 Fiss_Prod 
37 164 1925.7 132I 2.30E+00 h 1.97E-05 173 Fiss_Prod  
49 34 1927.3 135I 6.59E+00 h 2.96E-03 93 Fiss_Prod 
82 22 1937.7 156Eu 1.52E+01 d 2.14E-02 29 Fiss_Prod 
37 157 1939.5 132I 2.30E+00 h 4.94E-05 173 Fiss_Prod  
49 54 1948.49 135I 6.59E+00 h 6.31E-04 93 Fiss_Prod 
82 14 1966 156Eu 1.52E+01 d 4.20E-02 29 Fiss_Prod 
37 142 1985.64 132I 2.30E+00 h 1.18E-04 173 Fiss_Prod  
34 22 2000.9 131mTe 3.24E+01 h 2.02E-02 36 Fiss_Prod  
23 5 2001.7 125Sn 9.64E+00 d 2.06E-02 7 Fiss_Prod 
37 26 2002.2 132I 2.30E+00 h 1.14E-02 173 Fiss_Prod  
82 17 2026.6 156Eu 1.52E+01 d 3.54E-02 29 Fiss_Prod 
204 7 2029.8 88Kr 2.84E+00 h 4.53E-02 20 Fiss_Prod  
204 8 2035.4 88Kr 2.84E+00 h 3.74E-02 20 Fiss_Prod  
49 22 2045.88 135I 6.59E+00 h 8.72E-03 93 Fiss_Prod 
60 34 2083.2 140La 4.03E+01 h 1.15E-04 38 Fiss_Prod 
37 51 2086.82 132I 2.30E+00 h 2.57E-03 173 Fiss_Prod  
19 5 2091 124Sb 1.65E-01 y 5.73E-02 13 Fiss_Prod 
82 13 2097.7 156Eu 1.52E+01 d 4.27E-02 29 Fiss_Prod 
49 51 2112.4 135I 6.59E+00 h 6.89E-04 93 Fiss_Prod 
49 78 2151.5 135I 6.59E+00 h 2.24E-04 93 Fiss_Prod 
37 54 2172.68 132I 2.30E+00 h 2.07E-03 173 Fiss_Prod  
49 89 2179.7 135I 6.59E+00 h 4.02E-05 93 Fiss_Prod 
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82 20 2180.9 156Eu 1.52E+01 d 2.43E-02 29 Fiss_Prod 
214 8 2184.6 93Y 1.02E+01 h 1.57E-03 29 Fiss_Prod  
71 2 2186 144Pr 7.79E-01 y 6.94E-03 3 Fiss_Prod 
82 15 2186.7 156Eu 1.52E+01 d 3.95E-02 29 Fiss_Prod 
37 152 2187 132I 2.30E+00 h 6.91E-05 173 Fiss_Prod  
49 81 2189.4 135I 6.59E+00 h 1.29E-04 93 Fiss_Prod 
214 7 2190.8 93Y 1.02E+01 h 1.69E-03 29 Fiss_Prod  
204 3 2195.8 88Kr 2.84E+00 h 1.32E-01 20 Fiss_Prod  
37 162 2204.2 132I 2.30E+00 h 2.96E-05 173 Fiss_Prod  
37 65 2223.17 132I 2.30E+00 h 1.18E-03 173 Fiss_Prod  
225 1 2224 H-1_n-g 3.17E-17 y 1.00E-08 1 n_irrad=SNM 
204 9 2231.8 88Kr 2.84E+00 h 3.39E-02 20 Fiss_Prod  
37 111 2249.1 132I 2.30E+00 h 3.36E-04 173 Fiss_Prod  
49 24 2255.46 135I 6.59E+00 h 6.14E-03 93 Fiss_Prod 
82 29 2269.9 156Eu 1.52E+01 d 1.12E-02 29 Fiss_Prod 
37 159 2290.6 132I 2.30E+00 h 3.55E-05 173 Fiss_Prod  
60 11 2347.88 140La 4.03E+01 h 8.49E-03 38 Fiss_Prod 
37 55 2390.48 132I 2.30E+00 h 1.88E-03 173 Fiss_Prod  
204 1 2392.1 88Kr 2.84E+00 h 3.46E-01 20 Fiss_Prod  
37 146 2408.6 132I 2.30E+00 h 9.38E-05 173 Fiss_Prod  
49 18 2408.65 135I 6.59E+00 h 9.56E-03 93 Fiss_Prod 
37 167 2416.9 132I 2.30E+00 h 1.38E-05 173 Fiss_Prod  
37 156 2444 132I 2.30E+00 h 5.63E-05 173 Fiss_Prod  
49 84 2452.8 135I 6.59E+00 h 8.61E-05 93 Fiss_Prod 
37 163 2454.8 132I 2.30E+00 h 2.07E-05 173 Fiss_Prod  
214 29 2457.3 93Y 1.02E+01 h 6.75E-05 29 Fiss_Prod  
60 35 2464.1 140La 4.03E+01 h 1.14E-04 38 Fiss_Prod 
49 50 2466.07 135I 6.59E+00 h 7.18E-04 93 Fiss_Prod 
214 23 2473.8 93Y 1.02E+01 h 1.13E-04 29 Fiss_Prod  
49 92 2477.1 135I 6.59E+00 h 1.44E-05 93 Fiss_Prod 
37 173 2487.8 132I 2.30E+00 h 7.90E-06 173 Fiss_Prod  
60 8 2521.4 140La 4.03E+01 h 3.46E-02 38 Fiss_Prod 
37 104 2525.14 132I 2.30E+00 h 3.95E-04 173 Fiss_Prod  
37 165 2546.5 132I 2.30E+00 h 1.58E-05 173 Fiss_Prod  
60 18 2547.34 140La 4.03E+01 h 1.01E-03 38 Fiss_Prod 
37 158 2569.8 132I 2.30E+00 h 4.94E-05 173 Fiss_Prod  
37 169 2593.8 132I 2.30E+00 h 1.18E-05 173 Fiss_Prod  
37 166 2603.2 132I 2.30E+00 h 1.48E-05 173 Fiss_Prod  
214 24 2605 93Y 1.02E+01 h 1.13E-04 29 Fiss_Prod  
37 170 2607.2 132I 2.30E+00 h 9.87E-06 173 Fiss_Prod  
37 160 2614.5 132I 2.30E+00 h 3.55E-05 173 Fiss_Prod  
37 171 2653.8 132I 2.30E+00 h 9.87E-06 173 Fiss_Prod  
205 3 2677.9 88Rb 1.78E+01 m 1.96E-02 3 Fiss_Prod  
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37 172 2690.8 132I 2.30E+00 h 9.87E-06 173 Fiss_Prod  
37 161 2717.5 132I 2.30E+00 h 3.45E-05 173 Fiss_Prod  
37 168 2757.8 132I 2.30E+00 h 1.28E-05 173 Fiss_Prod  
60 21 2899.61 140La 4.03E+01 h 6.68E-04 38 Fiss_Prod 
60 29 3118.51 140La 4.03E+01 h 2.48E-04 38 Fiss_Prod 
60 36 3320.4 140La 4.03E+01 h 3.82E-05 38 Fiss_Prod 









Figure F.1. Adjoint group 1 (0 – 0.3 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.2. Adjoint group 2 (0.3 – 0.741 MeV) adjoint importances per fuel pin in a 






































Figure F.3. Adjoint group 3 (0.741 – 0.743 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.4. Adjoint group 4 (0.743 – 0.765 MeV) adjoint importances per fuel pin in a 






































Figure F.5. Adjoint group 5 (0.765 – 0.767 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.6. Adjoint group 6 (0.767 – 0.954 MeV) adjoint importances per fuel pin in a 






































Figure F.7. Adjoint group 7 (0.954 – 0.956 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.8. Adjoint group 8 (0.956 – 0.999 MeV) adjoint importances per fuel pin in a 






































Figure F.9. Adjoint group 9 (0.999 – 1.002 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.10. Adjoint group 10 (1.002 – 1.18 MeV) adjoint importances per fuel pin in a 






































Figure F.11. Adjoint group 11 (1.18 – 1.2 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.12. Adjoint group 12 (1.2 – 1.24 MeV) adjoint importances per fuel pin in a 






































Figure F.13. Adjoint group 13 (1.24 – 1.26 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.14. Adjoint group 14 (1.26 – 1.5 MeV) adjoint importances per fuel pin in a 






































Figure F.15. Adjoint group 15 (1.5 – 1.52 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.16. Adjoint group 16 (1.52 – 1.736 MeV) adjoint importances per fuel pin in a 






































Figure F.17. Adjoint group 17 (1.736 – 1.74 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.18. Adjoint group 1 (1.74 – 1.76 MeV) adjoint importances per fuel pin in a 






































Figure F.19. Adjoint group 19 (1.76 – 1.83 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.20. Adjoint group 20 (1.83 – 1.832 MeV) adjoint importances per fuel pin in a 






































Figure F.21. Adjoint group 21 (1.832 – 2.21 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.22. Adjoint group 22 (2.21 – 2.25 MeV) adjoint importances per fuel pin in a 






































Figure F.23. Adjoint group 23 (2.25 – 2.749 MeV) adjoint importances per fuel pin in a 
Westinghouse 17x17 PWR fuel assembly. 
 
 
Figure F.24. Adjoint group 24 (2.749 – 3 MeV) adjoint importances per fuel pin in 










































      PROGRAM MassEstimate 
! 
      IMPLICIT REAL (A-H,O-Z) 
      IMPLICIT INTEGER (I-N) 
! 




      CALL HEADER 
! 
      CALL PEAKACTIVITY 
! 
      STOP 
!       




!     SUB HEADER 
! 
! 




      WRITE(*,'(A2)')'  ' 
      WRITE(*,'(2X,A48)')'       Nuclide Concentration Estimator      '    
      WRITE(*,'(A2)')'  ' 
      WRITE(*,'(2X,A48)')'         Version 1.0 SINGLE PRECISION       '   
      WRITE(*,'(A2)')'  '       
      WRITE(*,'(2X,A48)')'                   J.N.Paul                 ' 
      WRITE(*,'(A2)')'  '                                            
      WRITE(*,'(2X,A48)')'                   Feb 2015                 '   
      WRITE(*,'(A2)')'  ' 
!       




!     SUB PEAKACTIVITY 
! 
! 
      SUBROUTINE PEAKACTIVITY 
! 
      CHARACTER*64 infile, infile2, fname, outfname 
      CHARACTER*104 dummy 
      CHARACTER*28, DIMENSION(200,50) :: Window 
      CHARACTER*8, DIMENSION(200) :: isotope 
      CHARACTER*5, DIMENSION(200) :: unit 
      CHARACTER*18, DIMENSION(200) :: corr 
      CHARACTER*18, DIMENSION(200) :: comment 
      CHARACTER*7 nuclideExp 
      CHARACTER*1 Plus,sign 
      INTEGER Percent,ID,icount,isonum,peakcount,pkct 
      INTEGER, DIMENSION(200) :: numemiss, nummatch 
      REAL, DIMENSION(200,50) :: Emission, ProbDk, Detect, Peak,  
     & NormCts,Importance,Pins,Activity,Mass,Curies,CiErrorp,Aerrorp, 
     & ImpErrorp,Eerrorp, CiErrorm,Aerrorm,ImpErrorm,Eerrorm 
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      REAL, DIMENSION(200) :: score,hlflfe 
      REAL Erg,Cts,NormCts1,TotCts,Time,Time2,Error 
!       
      Plus='+' 
      peakcount=0 
      pkct=0 
      TotCts=0 
! 
      WRITE(*,*) 'SmartID output file for analysis: ' 
      READ(*,*) infile 
      WRITE(*,*) ' ' 
      WRITE(*,*)'Spectrum file for analysis (.Spe): ' 
      READ(*,*) infile2 
      WRITE(*,*) ' ' 
      WRITE(*,*) 'Input % for the number of pins contributing to signal' 
      WRITE(*,*) 'Options (90, 95, 99)%' 
      READ(*,*) Percent 
      WRITE(*,*) 'Input % error from energy emission' 
      READ(*,*) Error 
      Error=Error/100 
! 
      OPEN(1, FILE=infile, ACCESS='SEQUENTIAL') 
      OPEN(2, FILE=infile2, ACCESS='SEQUENTIAL') 
      OPEN(3, FILE='isoMass.txt', STATUS='NEW', ACCESS='SEQUENTIAL') 
      WRITE(3,*)'Files read: ',infile, ' and ',infile2 
      WRITE(3,*)'% for number of pins contributing to signal: ',Percent 
      WRITE(3,*)' Nuclide   Emission(MeV)  half life (s)', 
     &          '     Activity (Ci)            Error Window          ', 
     &          '    Importance    # of Pins' 
! 
      DO iskip=1, 13      
      READ(1,'(A)',END=1000) dummy 
      END DO 
 279 
! 
      DO jskip=1,9 
      READ(2,'(A)') dummy 
      END DO 
! 
      READ(2,'(F9.0,F10.0)')Time,Time2 
      READ(1,'(A15,A20)') dummy,fname 
      WRITE(*,*) 'Spectrum File Read: ' 
      WRITE(*,*) fname 
!      WRITE(*,*)' TIME: ',Time 
! 
      READ(1,'(A)',END=1000) dummy 
! 
      READ(1,'(I3,A38)') numPeaks, dummy 
! 
      READ(1,'(A)',END=1000) dummy 
      READ(1,'(A)',END=1000) dummy 
! 
!     ADD TOTAL NUMBER OF COUNTS  
      Do ipeak=1, numPeaks      
      READ(1,'(F9.2,F15.4,F14.5,I8)') Erg,Cts,NormCts1,ID 
         TotCts=TotCts+Cts/Time 
!      WRITE(*,*) Erg,Cts,NormCts,ID 
      END DO 
!      WRITE(*,*)'TotCts: ',TotCts 
!      WRITE(*,*)'TIME: ',Time 
!      PAUSE 
! 
100   CONTINUE 
      READ(1,'(A)') dummy 
      isearch=INDEX(dummy,'Nuclide') 
! 
      IF(isearch.EQ.0) THEN  
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         GOTO 100 
      ELSE IF(isearch.GT.0) THEN 
        isonum=-1 
200     CONTINUE 
        isonum=isonum+1 
        IF(isonum.GT.0)THEN 
!        READ(1,*) dummy 
!        WRITE(*,*)'line: ',dummy 
        READ(1,'(A8,F11.2,F14.4,A5,2I15,A18,A18)')isotope(isonum), 
     &       score(isonum),hlflfe(isonum),unit(isonum),numemiss(isonum), 
     &       nummatch(isonum),corr(isonum),comment(isonum) 
           IF(unit(isonum).EQ.'    y')THEN 
              hlflfe(isonum)=hlflfe(isonum)*86400*365.25 
           ELSE IF(unit(isonum).EQ.'    d')THEN 
              hlflfe(isonum)=hlflfe(isonum)*86400 
           ELSE IF (unit(isonum).EQ.'    h')THEN 
              hlflfe(isonum)=hlflfe(isonum)*3600 
           ELSE IF(unit(isonum).EQ.'    m')THEN 
              hlflfe(isonum)=hlflfe(isonum)*60 
           END IF 
        WRITE(*,*)'isotope: ',isotope(isonum), 'half life: ', 
     &            hlflfe(isonum) 
        END IF 
        pkct=0 
300     CONTINUE 
        READ(1,'(A)')sign 
        jsearch=INDEX(sign,plus) 
        IF(jsearch.GT.0)THEN 
          BACKSPACE(1) 
          pkct=pkct+1 
          READ(1,'(A1,F8.2,F15.4,F13.4,A28,F10.2,F14.4)')sign, 
     &    Emission(isonum,pkct),ProbDK(isonum,pkct),Detect(isonum,pkct), 
     &    Window(isonum,pkct),Peak(isonum,pkct),NormCts(isonum,pkct) 
 281 
!          WRITE(*,'(A1,F8.2,F15.4,F13.4,A28,F10.2,F14.4)')sign, 
!     &    Emission(isonum,pkct),ProbDK(isonum,pkct),Detect(isonum,pkct), 
!     &    Window(isonum,pkct),Peak(isonum,pkct),NormCts(isonum,pkct) 
!          WRITE(*,*)'isonum: ',isonum,' pkct: ',pkct 
! 
      i=isonum 
      j=pkct 
      IF(Percent.EQ.90) THEN 
            Emission(i,j)=0.001*Emission(i,j) 
            Eerrorm(i,j)=Emission(i,j)*(1-Error) 
            Eerrorp(i,j)=Emission(i,j)*(1+Error) 
            IF(Emission(i,j).LT.1.095)THEN 
              Importance(i,j)=2.8228E-7*Emission(i,j)**5.91 
!              ImpErrorp(i,j)=2.8228E-7*Eerrorp(i,j)**5.91 
!              ImpErrorm(i,j)=2.8228E-7*Eerrorm(i,j)**5.91 
               ImpErrorp(i,j)=1.3*2.8228E-7*Emission(i,j)**5.91 
               ImpErrorm(i,j)=0.7*2.8228E-7*Eerrorm(i,j)**5.91 
              Pins(i,j)=-8.1792+44.0168*Emission(i,j)+ 
     &                  137.2431*Emission(i,j)**2- 
     &                  68.9146*Emission(i,j)**3 
              Activity(i,j)=NormCts(i,j)*TotCts*.01 
              Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j) 
     &                      *Pins(i,j)) 
              Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j) 
     &                      *Pins(i,j)) 
              Activity(i,j)=Activity(i,j)/Importance(i,j) 
              Activity(i,j)=Activity(i,j)/Pins(i,j) 
              Activity(i,j)=Activity(i,j)*264 
!              WRITE(*,*)'Activity: ',Activity(i,j) 
              Curies(i,j)=Activity(i,j)/(3.7E10*ProbDK(i,j)) 
              CiErrorp(i,j)=Aerrorp(i,j)/3.7E10/ProbDK(i,j) 
              CiErrorm(i,j)=Aerrorm(i,j)/3.7E10/ProbDK(i,j) 
              Mass(i,j)=Activity(i,j)/hlflfe(i)/ProbDK(i,j) 
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              WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j) 
              WRITE(*,*)'Activity: ',Activity(i,j),' Mass: ',Mass(i,j) 
              WRITE(*,*)' ' 
              WRITE(*,*)'Curies: ',Curies(i,j) 
              WRITE(*,*)' ' 
              WRITE(3,*)isotope(i),' ',Emission(i,j),' ',hlflfe(i),' ', 
     &                  Curies(i,j),' ( ',CiErrorp(i,j),',', 
     &                  CiErrorm(i,j),') ', 
     &                  Importance(i,j),' ',Pins(i,j) 
            ELSE IF(Emission(i,j).GE.1.095)THEN 
              Importance(i,j)=8.1077E-6-1.7859E-5*Emission(i,j)+ 
     &                        1.1867E-5*Emission(i,j)**2- 
     &                        1.7594E-6*Emission(i,j)**3 
!              ImpErrorp(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+ 
!     &                        1.1867E-5*Eerrorm(i,j)**2- 
!     &                        1.7594E-6*Eerrorm(i,j)**3 
!              ImpErrorm(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+ 
!     &                        1.1867E-5*Eerrorm(i,j)**2- 
!     &                        1.7594E-6*Eerrorm(i,j)**3 
               ImpErrorp(i,j)=1.3*(8.1077E-6-1.7859E-5*Emission(i,j)+ 
     &                        1.1867E-5*Emission(i,j)**2- 
     &                        1.7594E-6*Emission(i,j)**3) 
              ImpErrorm(i,j)=0.7*(8.1077E-6-1.7859E-5*Emission(i,j)+ 
     &                        1.1867E-5*Emission(i,j)**2- 
     &                        1.7594E-6*Emission(i,j)**3) 
              Pins(i,j)=-35.9819+227.5443*Emission(i,j)- 
     &                  109.9411*Emission(i,j)**2+ 
     &                  24.4343*Emission(i,j)**3- 
     &                  2.0076*Emission(i,j)**4 
              Activity(i,j)=NormCts(i,j)*TotCts*.01 
              Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j) 
     &                      *Pins(i,j)) 
              Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j) 
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     &                      *Pins(i,j)) 
              Activity(i,j)=(Activity(i,j)*264)/(Importance(i,j)* 
     &                       Pins(i,j)) 
              Curies(i,j)=Activity(i,j)/3.7E10/ProbDK(i,j) 
              CiErrorp(i,j)=Aerrorp(i,j)/3.7E10/ProbDK(i,j) 
              CiErrorm(i,j)=Aerrorm(i,j)/3.7E10/ProbDK(i,j) 
              Mass(i,j)=Activity(i,j)/(hlflfe(i)*ProbDK(i,j)) 
              WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j) 
              WRITE(*,*)'Activity: ',Activity(i,j),' Mass: ',Mass(i,j) 
              WRITE(*,*)' ' 
              WRITE(*,*)'Curies: ',Curies(i,j) 
              WRITE(*,*)' ' 
              WRITE(3,*)isotope(i),' ',Emission(i,j),' ',hlflfe(i),' ', 
     &                  Curies(i,j),' ( ',CiErrorp(i,j),',', 
     &                  CiErrorm(i,j),') ', 
     &                  Importance(i,j),' ',Pins(i,j) 
            END IF 
      ELSE IF(Percent.EQ.95) THEN 
            Emission(i,j)=0.001*Emission(i,j) 
            Eerrorm(i,j)=Emission(i,j)*(1-Error) 
            Eerrorp(i,j)=Emission(i,j)*(1+Error) 
            IF(Emission(i,j).LT.1.095)THEN 
              Importance(i,j)=2.8228E-7*Emission(i,j)**5.91 
              ImpErrorp(i,j)=2.8228E-7*Eerrorp(i,j)**5.91 
              ImpErrorm(i,j)=2.8228E-7*Eerrorm(i,j)**5.91 
              Pins(i,j)=-8.1792+44.0168*Emission(i,j)+ 
     &                  137.2431*Emission(i,j)**2- 
     &                  68.9146*Emission(i,j)**3 
              Activity(i,j)=NormCts(i,j)*TotCts*.01 
              Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j) 
     &                      *Pins(i,j)) 
              Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j) 
     &                      *Pins(i,j)) 
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              Activity(i,j)=Activity(i,j)/Importance(i,j) 
              Activity(i,j)=Activity(i,j)/Pins(i,j) 
              Activity(i,j)=Activity(i,j)*264 
!              WRITE(*,*)'Activity: ',Activity(i,j) 
              Curies(i,j)=Activity(i,j)/3.7E10 
              CiErrorp(i,j)=Aerrorp(i,j)/3.7E10 
              CiErrorm(i,j)=Aerrorm(i,j)/3.7E10 
              Mass(i,j)=Activity(i,j)/hlflfe(i)/ProbDK(i,j) 
              WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j) 
              WRITE(*,*)'Activity: ',Activity(i,j),' Mass: ',Mass(i,j) 
              WRITE(*,*)' ' 
              WRITE(*,*)'Curies: ',Curies(i,j) 
              WRITE(*,*)' ' 
              WRITE(3,*)isotope(i),' ',Emission(i,j),' ',hlflfe(i),' ', 
     &                  Curies(i,j),' ( ',CiErrorp(i,j),',', 
     &                  CiErrorm(i,j),') ', 
     &                  Importance(i,j),' ',Pins(i,j) 
            ELSE IF(Emission(i,j).GE.1.095)THEN 
              Importance(i,j)=8.1077E-6-1.7859E-5*Emission(i,j)+ 
     &                        1.1867E-5*Emission(i,j)**2- 
     &                        1.7594E-6*Emission(i,j)**3 
              ImpErrorp(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+ 
     &                        1.1867E-5*Eerrorm(i,j)**2- 
     &                        1.7594E-6*Eerrorm(i,j)**3 
              ImpErrorm(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+ 
     &                        1.1867E-5*Eerrorm(i,j)**2- 
     &                        1.7594E-6*Eerrorm(i,j)**3 
              Pins(i,j)=-35.9819+227.5443*Emission(i,j)- 
     &                  109.9411*Emission(i,j)**2+ 
     &                  24.4343*Emission(i,j)**3- 
     &                  2.0076*Emission(i,j)**4 
              Activity(i,j)=NormCts(i,j)*TotCts*.01 
              Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j) 
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     &                      *Pins(i,j)) 
              Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j) 
     &                      *Pins(i,j)) 
              Activity(i,j)=(Activity(i,j)*264)/(Importance(i,j)* 
     &                       Pins(i,j)) 
              Curies(i,j)=Activity(i,j)/3.7E10 
              CiErrorp(i,j)=Aerrorp(i,j)/3.7E10 
              CiErrorm(i,j)=Aerrorm(i,j)/3.7E10 
              Mass(i,j)=Activity(i,j)/(hlflfe(i)*ProbDK(i,j)) 
              WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j) 
              WRITE(*,*)'Activity: ',Activity(i,j),' Mass: ',Mass(i,j) 
              WRITE(*,*)' ' 
              WRITE(*,*)'Curies: ',Curies(i,j) 
              WRITE(*,*)' ' 
              WRITE(3,*)isotope(i),' ',Emission(i,j),' ',hlflfe(i),' ', 
     &                  Curies(i,j),' ( ',CiErrorp(i,j),',', 
     &                  CiErrorm(i,j),') ', 
     &                  Importance(i,j),' ',Pins(i,j) 
            END IF 
      ELSE IF(Percent.EQ.99) THEN 
           Emission(i,j)=0.001*Emission(i,j) 
            Eerrorm(i,j)=Emission(i,j)*(1-Error) 
            Eerrorp(i,j)=Emission(i,j)*(1+Error) 
            IF(Emission(i,j).LT.1.095)THEN 
              Importance(i,j)=2.8228E-7*Emission(i,j)**5.91 
              ImpErrorp(i,j)=2.8228E-7*Eerrorp(i,j)**5.91 
              ImpErrorm(i,j)=2.8228E-7*Eerrorm(i,j)**5.91 
              Pins(i,j)=-8.1792+44.0168*Emission(i,j)+ 
     &                  137.2431*Emission(i,j)**2- 
     &                  68.9146*Emission(i,j)**3 
              Activity(i,j)=NormCts(i,j)*TotCts*.01 
              Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j) 
     &                      *Pins(i,j)) 
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              Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j) 
     &                      *Pins(i,j)) 
              Activity(i,j)=Activity(i,j)/Importance(i,j) 
              Activity(i,j)=Activity(i,j)/Pins(i,j) 
              Activity(i,j)=Activity(i,j)*264 
!              WRITE(*,*)'Activity: ',Activity(i,j) 
              Curies(i,j)=Activity(i,j)/3.7E10 
              CiErrorp(i,j)=Aerrorp(i,j)/3.7E10 
              CiErrorm(i,j)=Aerrorm(i,j)/3.7E10 
              Mass(i,j)=Activity(i,j)/hlflfe(i)/ProbDK(i,j) 
              WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j) 
              WRITE(*,*)'Activity: ',Activity(i,j),' Mass: ',Mass(i,j) 
              WRITE(*,*)' ' 
              WRITE(*,*)'Curies: ',Curies(i,j) 
              WRITE(*,*)' ' 
              WRITE(3,*)isotope(i),' ',Emission(i,j),' ',hlflfe(i),' ', 
     &                  Curies(i,j),' ( ',CiErrorp(i,j),',', 
     &                  CiErrorm(i,j),') ', 
     &                  Importance(i,j),' ',Pins(i,j) 
            ELSE IF(Emission(i,j).GE.1.095)THEN 
              Importance(i,j)=8.1077E-6-1.7859E-5*Emission(i,j)+ 
     &                        1.1867E-5*Emission(i,j)**2- 
     &                        1.7594E-6*Emission(i,j)**3 
              ImpErrorp(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+ 
     &                        1.1867E-5*Eerrorm(i,j)**2- 
     &                        1.7594E-6*Eerrorm(i,j)**3 
              ImpErrorm(i,j)=8.1077E-6-1.7859E-5*Eerrorm(i,j)+ 
     &                        1.1867E-5*Eerrorm(i,j)**2- 
     &                        1.7594E-6*Eerrorm(i,j)**3 
              Pins(i,j)=-35.9819+227.5443*Emission(i,j)- 
     &                  109.9411*Emission(i,j)**2+ 
     &                  24.4343*Emission(i,j)**3- 
     &                  2.0076*Emission(i,j)**4 
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              Activity(i,j)=NormCts(i,j)*TotCts*.01 
              Aerrorp(i,j)=(Activity(i,j)*264)/(ImpErrorp(i,j) 
     &                      *Pins(i,j)) 
              Aerrorm(i,j)=(Activity(i,j)*264)/(ImpErrorm(i,j) 
     &                      *Pins(i,j)) 
              Activity(i,j)=(Activity(i,j)*264)/(Importance(i,j)* 
     &                       Pins(i,j)) 
              Curies(i,j)=Activity(i,j)/3.7E10 
              CiErrorp(i,j)=Aerrorp(i,j)/3.7E10 
              CiErrorm(i,j)=Aerrorm(i,j)/3.7E10 
              Mass(i,j)=Activity(i,j)/(hlflfe(i)*ProbDK(i,j)) 
              WRITE(*,*)'Imp: ',Importance(i,j),'Pins: ',Pins(i,j) 
              WRITE(*,*)'Activity: ',Activity(i,j),' Mass: ',Mass(i,j) 
              WRITE(*,*)' ' 
              WRITE(*,*)'Curies: ',Curies(i,j) 
              WRITE(*,*)' ' 
              WRITE(3,*)isotope(i),' ',Emission(i,j),' ',hlflfe(i),' ', 
     &                  Curies(i,j),' ( ',CiErrorp(i,j),',', 
     &                  CiErrorm(i,j),') ', 
     &                  Importance(i,j),' ',Pins(i,j) 
            END IF 
      END IF 
! 
          GOTO 300 
        ELSE IF(jsearch.EQ.0)THEN 
          Backspace(1) 
          READ(1,'(A)')nuclideExp 
          IF(nuclideExp.EQ.'Nuclide') THEN  
             GOTO 200 
          ELSE IF (nuclideExp.EQ.'End of ')THEN  
             GOTO 400 
          ELSE 
             GOTO 300 
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          END IF 
        END IF 
      END IF 
! 
400   CONTINUE 
! 
! 
      CLOSE(1) 
      CLOSE(2) 
      CLOSE(3) 
! 








 The basic understanding of burnup is described by 
 
𝐵𝑢𝑟𝑛𝑢𝑝 = 𝑃𝑡 = 𝐸 
 
where P is the reactor power, t is time and E is energy.   The units for burnup are 
typically represented by Megawatts multiplied by days.  Since energy is typically 
represented by MeV in nuclear physics applications, conversion factors are necessary to 
transform all units into Joules.  The constant 6.022×10-13 
𝐽
𝑀𝑒𝑉
 is multiplied to transform 
MeV to Joules, and the constant 86,400 
𝑠
𝑑
 transforms days into seconds.  Therefore, the 
burnup equation can be rewritten as 
 
𝐵𝑢𝑟𝑛𝑢𝑝[𝑀𝑊𝑑] ∙ 86400 [
𝑠
𝑑
] ∙ 106 [
𝑊
𝑀𝑊
] = 𝑃[𝑀𝑊]𝑡[𝑠]  
= 𝜙𝑇̅̅ ̅̅ [
𝑛
𝑐𝑚2𝑠











] = 𝑁𝑓𝑖𝑠𝑠 ∙ 200 [
𝑀𝑒𝑉
𝑓𝑖𝑠𝑠





where 𝜙𝑇̅̅ ̅̅  is the average thermal flux in the assembly, 𝛴𝑓̅̅ ̅ is the average macroscopic 
fission cross section in the fuel, 𝑉𝐹𝑢𝑒𝑙 is the volume of the fuel in the assembly, and 𝑁𝑓𝑖𝑠𝑠 
is the number of fissions that took place in the assembly.  𝑁𝑓𝑖𝑠𝑠 for a given isotope that 









where A is the activity of the given nuclide, fyield is the fission yield for the given 
nuclide, and 𝜆 is the decay probability for the given nuclide. 
 I can show that the activity of 
137
Cs can be directly attributed to the burnup of a 
fuel assembly.  I show how I can match the predetermined activity for a 33,000 
MWD/MTU burned assembly from the isotope depletion code ORIGEN.  My assumption 
is that an activity of 1.0604×105 Ci is measured for the fuel assembly after 1 day since 
removal from the reactor.  From this, I determine the activity at the time of discharge 
using the relationship 
 
𝑁(𝑡) = 𝑁(0)𝑒−𝜆𝑡 => 𝐴(𝑡) = 𝐴(0)𝑒−𝜆𝑡 
 
And find that  
 





365.25𝑑 = 1.0605 × 105𝐶𝑖 
 













= 8.6235 × 1025 𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑠 
 
Now that I know the number of fissions, I directly relate that to the energy released in the 
fuel.  I assume that each fission results in a release of 200 MeV.  From this, I see that 
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𝐸 = 8.6235 × 1025𝑓𝑖𝑠𝑠 ∙ 200
𝑀𝑒𝑉
𝑓𝑖𝑠𝑠
∙ 6.022 × 10−13
𝐽
𝑀𝑒𝑉
= 2.7633 × 1015𝐽 
 
However, burnup is in units of MWd, so this becomes 
 
2.7633 × 1015𝐽 ∙
𝑑
86400𝑠
= 3.198 × 1010
𝐽
𝑠
𝑑 = 3.198 × 1010𝑊 ∙ 𝑑 = 31,982 𝑀𝑊𝐷 
 
Comparing this result to the desired burnup of 33,000 MWD, I see that this falls within a 
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